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Chapter 1
Enhanced Photodetection in Visible
Region in rGO/GaN Based Hybrid
Photodetector

Nisha Prakash, Gaurav Kumar, Manjri Singh, Prabir Pal,
Surinder P. Singh and Suraj P. Khanna

Abstract A photodetector is fabricated based on hybrid heterojunction of reduced
graphene and GaN epitaxial film. In addition to UV (350 nm), our device suc-
cessfully worked in the visible region (600 nm) with high responsivity and fast
response and recovery time. Our device shows better performance than the pho-
toconductive devices reported earlier.

1.1 Introduction

The entire family of III-Nitrides (GaN, AlN, InN) are crucial semiconductors for
applications like UV/VIS laser, solid state lighting, high-frequency devices and
most importantly photodetection [1]. Recently, 2D-layered materials such as gra-
phene and allied materials like graphene oxide and reduced graphene oxide (r-GO)
have been the subject of considerable interest due to their unique optoelectronic
properties and compatibility with 3D-materials which have led to development of
low-cost and large area commercial as well research based devices [2–5]. Lin et al.,
demonstrated the photoresponse of Graphene/GaN schottky photodetector in the
visible region using 514 nm laser at 10 V applied bias. They investigated the
material’s feasibility as TCE on GaN technology [6]. Our work shows the pho-
toresponse of large area rGO/GaN based photodetector in visible range at low bias
value, which is otherwise not observed in typical GaN based devices.
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1.2 Methods

Unintentionally-doped (UID) GaN film is grown on c-plane sapphire substrate
(0001) by plasma-assisted molecular beam epitaxy technique. For designing this
simple r-GO/GaN lateral heterojunction, water-dispersed GO (0.5 mg/mL) was
drop casted onto each side of GaN as two parallel electrodes. The sample was
annealed at 300 °C temperature for 30 min to thermally reduce GO to form r-GO.
Finally, the copper wires were electrically connected to the r-GO pads through the
conducting silver paint to ensure good contacts. Control sample was fabricated in
similar way with indium parallel pads. The photoconductivity (PC) measurements
were done at room temperature. In the PC setup, the sample was illuminated using
75 W Xenon lamp. Furthermore, this signal is made to pass through a TMc300
monochromator with 4.2 mm slit for selective wavelength and then the selected
optical signal is made incident on the sample through proper focusing. Afterwards,
the change in sample conductivity under illumination is measured by a source
measure unit (SMU).

1.3 Results

Figure 1.1a shows the schematic representation of the photodetector, where the
excitation wavelength are 350 and 600 nm are used for illumination. Figure 1.1b
presents the room temperature photoluminescence spectrum observed under exci-
tation wavelength of 266 nm. The spectra exhibit two major emission peaks cen-
tering around 363 nm and another broad peak at 563 nm. The peak at 363 nm is
due to near-band gap (NBG) transitions while peak at 563 nm is due to the defects
present in the material causing mid gap transitions. The mid gap level broad

Fig. 1.1 a Schematic diagram of photodetector, b photoluminescence spectrum of GaN/sapphire
taken at room temperature
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emission peak is mainly attributed to the radiative recombination leading to yellow
luminescence (YL).

Figure 1.2a shows the photoresponse under UV (350 nm) at 0.2 V applied bias
and Fig. 1.2b shows the photoresponse of heterojunction under illumination of
350 nm (18 µW/cm2) and 600 nm (52 µW/cm2) light as a function of time at an
applied forward bias voltage of 0.2 V. It can be seen that the integration of rGO with
GaN enhances the response and recovery times under UV illumination. The response
and recovery times are mainly explained as the rise time and decay time. Herein, the
photocurrent decay time in control sample and rGO/GaN based photodetector is
fitted using a three component exponential decay function, which are generally used
to describe the fast, intermediate and slow photo-relaxation processes [7]. Here, this
three component decay function is used to analyze the persistent photoconductivity
(PPC) behavior in a photodetector. It is evident form Fig. 1.2a that the decay
behavior is in the range of *5000 s, whereas our photodetector demonstrated a
faster photoresponse with decay time of *330 s under 350 nm.

In addition, the rGO/GaN device also shows significant photoresponse under
visible illumination. The photoresponse was found to be even faster with decay time
of *60 s. This response to visible light was not observed in the control sample,
which may be coming into effect due to the interface between rGO and GaN
materials.

1.4 Conclusion

In conclusion, we have fabricated r-GO/GaN heterojunction photodetector with an
enhanced photoresponse in visible region. Our lateral hybrid device exhibits fast
response and recovery time. This shows our device very well operate as broadband
photodetector.

Fig. 1.2 Transient photoresponse of a GaN/sapphire with indium contacts at 0.2 V bias under UV
(350 nm) illumination and b rGO/GaN photodetector under UV (350 nm) and visible (600 nm)
illumination at 0.2 V applied bias
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Chapter 2
ZigZag Phosphorene Nanoribbons
Antidot—Electronic Structure
and Device Application

Santhia Carmel, Adhithan Pon, R. Ramesh
and Arkaprava Bhattacharyya

Abstract In this work, we explored the effect of antidots in phosphorene
nanoribbons (PNRs) on nanoscale devices. Similar to graphene, the performance of
PNRs transistor can be improved with antidots. In present work, we extensively
studied the electronic and transport properties of Zigzag-PNRs antidot lattice.
Transport simulation results show that the Negative Differential Resistance
(NDR) region appearing for antidot device with higher current than that of ZPNRs
devices without antidot. This makes the possibility to design device with enhanced
transport properties to yield higher on current.

2.1 Introduction

The evolution of 2D material based devices subsequent to the discovery of graphene
has grabbed the attention of material scientists for new concepts and device for-
mulation [1]. Since the reduction in dimensionality improves electronic properties
and also favours the concept of miniaturization which is the major requirement of
device technology. To hold on the performance and size reduction of devices, the
attention of semiconductor technology turned towards a wonder material called
graphene [2]. Graphene is known for its sterling electronic and strong mechanical
properties except for one hindrance called zero bandgap. But then this problem can be
extenuated by cutting the graphene sheet into nanoribbons which introduces a small
bandgap [3]. As this deteriorates the factor of conductivity, it leads to utilization of
other 2Dmaterials such as TMD (Transition metal dichalcogenide), hexagonal boron
nitride etc. But the only material which is comparable to the potential of graphene is
Phosphorene owing to its peculiar material properties [4]. High charge carrier
mobility of phosphorene (300–1000 cm2 V−1 S−1) is one of the outstanding feature
when compared with the mobility of other semiconducting 2Dmaterial such as TMD
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(0.1–10 cm2 V−1 S−1) [5]. In addition, the ambipolarity of phosphorene is another
striking advantage for the device application [6]. Li et al. fabricated FET device with
few layer phosphorene and found that drain current modulation can be reached up to
of 105 orders of magnitude with ambipolar behavior [7, 8].

Similar to graphene, phosphorene is a layered structure but the honeycomb
lattice structure will be puckered through which each phosphorous atom connected
via covalent bond with three neighbouring atoms and van der Waals bonding in
between the layers. And hence this material can also be easily obtained by
mechanical exfoliation method like graphene. Its belongs to orthorhombic crystal
structure with sp3 hybridization. It exhibits special feature of width dependent
bandgap which can be used as a channel material for MOSFET devices. Several
works have been devoted for the tunability of bandgap either by varying width and
by means of external sources such as applying electric field, magnetic field and
strain [9, 10]. This work has been dedicated to phosphorene based nanoscale
devices to study the electronic and transport properties with antidot (periodic
vacancy). The effect of antidots in PNRs for two different orientations namely
Armchair and Zigzag orientation has been studied. This work confirms that similar
to graphene antidot lattices [11], antidots in PNRs plays the significant role in
bandgap tunability. This opens up ZPNRs antidot device uniqueness by observing
IV curve and transmission spectrum and hence this work attempts to disclose the
performance of antidot based PNRs transistors for nanoscale application.

2.2 Methodology

The electronic and transport properties of PNRs were studied by DFT and DFTB
method [12, 13]. All the structures passivated by hydrogen atoms were optimized
with atomic force less than 0.01 eV/Å using generalized gradient approximation
(GGA) and Perdue-Burke-Ernzerhof (PBE) functionals with suitable k point sam-
pling [14]. Using Atomistic Tool Kit (ATK), self-consistent calculation was per-
formed using Density Functional Tight binding method (DFTB) with Slater Koster
basis set. For band structure calculations the K point grid was set to 1 � 1 � 14.
Vacuum space of 20 Å were used to avoid interaction between periodic images.
A two-contact device simulation was performed using the well-known
Non-Equilibrium Greens function (NEGF) method where non-equilibrium density
matrix has been used to study the transport properties of devices.

2.3 Results and Discussion

Figure 2.1 shows the geometry of 10ZPNR without and with antidots where 10
represents the width and 9 signifies the length of ZPNRs. It is well known that the
bandgap of APNRs and ZPNRs depends on the width of the nanoribbon
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establishing the quantum confinement effects. We made an in-depth study regarding
the dependence of bandgap with antidots. It is found that bandgap of APNRs
increases with increasing number of antidot. In contrast to this, bandgap of ZPNRs
decreases to the increase in number of antidot. This reveals the metal-like and
semiconductor behavior of zigzag and armchair orientation. Thus, the anisotropic
nature of PNRs is revealed by two different characteristics for two different ori-
entations in presence of antidot as shown in Fig. 2.2. The variation of bandgap for
various antidot configurations in 16-ZPNRs is presented in Fig. 2.3.

It is clear that the bandgap reduces from 0.6 to 0.17 eV for the removal of 26
atoms in 16-9-ZPNRs where 16 are 9 are the number of atoms along the width and
length of ZPNRs. This graph unveils the dependence of bandgap tunability on
antidot density. The band structure of 10-ZPNRs with and without antidot is shown
in Fig. 2.4 where bandgap of 0.9 eV is reduced to 0.26 eV when 26 atoms were
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Fig. 2.1 Geometry of 10ZPNRs lattice without and with antidots
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removed from the systems. Thus the perforation of atoms minimizes the bandgap
much more than compared with the system without antidots. Our investigation also
confirms that the bandgap of ZPNRs antidot depends upon ZPNRs width.

Based on these studies we constructed a two terminal ZPNR device since
bandgap can be lowered only in zigzag orientation with source and drain contacts.
The device configuration of 10-9-ZPNRs is shown in Fig. 2.5 with and without
antidot. It comprises of scattering region and electrode extension region between
the two electrodes.

The I-V curve of 10-ZPNR is shown in Fig. 2.6 where linear response is
obtained for ZPNRs device without antidot. There is a little change in current till
1.6 V and current increases linearly to 0.6 nA (Id = 0.6 nA at Vd = 1.6 V). But
when antidots are introduced to the same system 10-9-ZPNR device, NDR region is
found between 1.2 and 1.4 V when 34 atoms were removed periodically. In region I
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current increases linearly up to 60 nA and it decreases slowly to 30 nA in region II
and increases rapidly to 268 nA in region III. This ensures the hopping of carriers
between the electrode and scattering region due to the presence of antidots which is
different from the results of Zhang et al. [15] where the rise of NDR region occurs
for unpassivated and oxygen passivated ZPNRs. Nevertheless, here NDR region is
obtained for hydrogen passivated ZPNRs due to antidots. We ensure this result by
transmission analysis shown in Fig. 2.7, where electronic states are lying in the
fermi level which is responsible for increase in conductivity for the antidot
configuration.

Fig. 2.5 Two terminal device geometry of 10s ZPNRs without and with antidot

Fig. 2.6 Linear I–V curve of
10ZPNRs without antidot

2 ZigZag Phosphorene Nanoribbons Antidot—Electronic Structure … 11



2.4 Conclusion

The bandgap tunability of PNRs can be varied by choosing armchair and zigzag
orientation with antidots. In addition to the width dependency on bandgap, it also
depends on the number and the orientation of antidots. To enhance the conductivity
and to improve the device performance at nanoscale, PNRs antidots can be utilized.
The simulation results are attractive with NDR region attaining a higher value of
current (268 nA at Vd = 1.6 V) than for normal ZPNRs device indicating the
quantum transport phenomena. This investigation predicts the emergence of PNRs
antidot devices that makes breakthrough in the field of nanoelectronics.
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Chapter 3
Calculation of Quantum Capacitance
and Sheet Carrier Density
of Graphene FETs

S. R. Pattanaik, Sriyanka Behera and G. N. Dash

Abstract We have done a simulation study on the quantum capacitance and sheet
carrier density of graphene MOSFETs following a quasianalytical model for gra-
phene MOSFET with gapless large area graphene channel (Thiele et al. in JAP
107:094505, 2010 [1]). First, the simulation model has been validated by properly
reproducing the values of quantum capacitance for a graphene MOSFET without
back-gate and zero applied drain-source voltage. Next, we have investigated the
effect of both top-gate and back-gate voltages on the quantum capacitance and sheet
carrier density and the results are presented here.

3.1 Introduction

Graphene MOSFETs are being investigated extensively by researchers as graphene
has become a very promising material owing to its ultra-high carrier mobility [1–6].
Graphene is atomic thin and large area graphene has zero bandgap. It has been
established that the device characteristics of graphene MOSFETs need to be
computed including the concept of the quantum capacitance and its effect on sheet
carrier density need to be formulated well [5]. So, we undertake a study on the
effect of both top-gate and back-gate voltages on the quantum capacitance and sheet
carrier density and the results are presented here. It can be further used to compute
the DC and small signal properties of graphene MOSFETs with appropriate
formulations.
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3.2 Modelling and Simulation

The schematic cross-sectional view of the dual gate model FET is presented in the
Fig. 3.1. The Source is considered to be grounded to act as reference potential of
the graphene FET. The Si wafer is supposed to act as a back gate with SiO2 as the
back gate oxide layer. The top gate oxide layer is consisting of HfO2 and the
graphene channel is located between the two oxide layers. Unlike conventional
channel material, graphene behaves differently. This necessitates the calculation of
sheet carrier density including quantum capacitance for effective computation of
current voltage characteristics of graphene FETs.

We have followed the formulation for quantum capacitance by Theile et al. [1].
The expression for quantum capacitance is given by

Cq ¼ 2q2

p
kBT

ð�hVFÞ2
ln 2 1þ cosh

qVch

kBT

� �� �
ð3:1Þ

where Vch is the potential associated with the quantum capacitance Cq.
It may be expressed as

Vch ¼ Vt�eff � Vð Þ Ct

Ct þCb þ 1
2Cq

þ Vb�eff � Vð Þ Cb

Ct þCb þ 1
2Cq

ð3:2Þ

Here, Ct and Cb are the top and bottom oxide capacitances, Vt and Vb are the top
and bottom gate voltage and Cq represents the quantum capacitance of the gra-
phene. The voltage drop V in the graphene channel, is zero at the source end
ðx ¼ 0Þ and equal to the drain-source voltage ðVdsÞ at the drain end ðx ¼ LÞ.
Vt�eff ¼ Vt � Vt0 and Vb�eff ¼ Vb � Vb0 are the effective top and back gate-source

Fig. 3.1 Schematic cross-sectional model of dual gate graphene FET
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voltage. Vt0 is the top-gate voltage at the Dirac point where the carrier sheet density
becomes minimal sheet carrier density, when Vb and VdS are equal to zero. Similar
definition is for Vb0. Since Cq and Vch are mutually dependent, (3.1) and (3.2) are
solved self-consistently. Finally the sheet carrier density is obtained as

qqsh ¼ Qsh ¼ � 1
2
CqVch

����
���� ð3:3Þ

3.3 Results and Discussions

The quantum capacitance as well as the sheet carrier density are vital device
parameters for efficient modelling and simulation of a graphene FET. First, we have
considered a graphene MOSFET without back-gate and zero applied drain-source
voltage for the analysis. The other design and material parameters are same as in
[1]. The value of Vt0 is considered to be zero. The oxide capacitance, quantum
capacitance and the overall gate capacitance are computed for different top gate
voltages. These are presented in the Fig. 3.2 where someone can perceive the
influence of quantum capacitance on the overall gate capacitance. It is thus evident
that accurate consideration of quantum capacitance including its voltage depen-
dence is vital for modelling and simulation of graphene MOSFETs. It is to mention
here that this figure is a successful reproduction of the one reported by Thiele et al.
[1] using our simulation scheme.

The effect of the quantum capacitance on the carrier density is also shown in
Fig. 3.3. A minimum sheet carrier density due to disorder and thermal excitation is
always present in a graphene channel and we have considered that to be
1.5 � 1016 m−2 for the present study. It is evident from Figs. 3.2 and 3.3 that the

Fig. 3.2 Cq, Cox and CG

w.r.t. gate voltages
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magnitude of gate voltage significantly contributes towards the quantum capaci-
tance as well as sheet carrier density. It is to keep in mind here that these results are
for graphene MOS structure without back gate. Further, the symmetrical nature of
the curves around zero top gate voltage is due to the consideration of the zero VDS

and zero Vt0. The Dirac point where the sheet carrier density is minimum will shift
with the variation in drain-source voltage and also with the consideration of Vt0.

The effect of both top-gate and back-gate voltages on the quantum capacitance
and sheet carrier density are studied subsequently for a GFET1 (name and design
parameters from [1]). The dimensions of the modelled GFETs are presented here in
Table 3.1. Vt0 and Vb0 are considered to be 1.45 and 2.7 V respectively.

The simulation results for the quantum capacitance are presented in Fig. 3.4 for
two back gate voltages 40 and −40 V. A similar behaviour is expected for the sheet
carrier density which is dependent upon the values of quantum capacitance and the
potential associated with the quantum capacitance. We observe here shifts in the
Dirac point as discussed earlier. The Dirac point shifts more for negative back gate
voltage as compared to positive back gate voltage.

We have also taken care to study the effect of drain source voltage on the
quantum capacitance. The voltage in graphene channel varies from zero at source to
the value equal to drain-source voltage at the drain end. Further, the quantum
capacitance is not fixed and varies over the entire length of the channel owing to

Fig. 3.3 Sheet carrier density
due to quantum capacitance
w.r.t. gate voltages

Table 3.1 Dimensions and
dielectric information of the
modelled graphene FETs

Channel length (nm) 1000

Channel width (nm) 2100

Top gate oxide layer (nm) 15

Back gate oxide layer (nm) 285

Top gate dielectric HfO2

Back gate dielectric SiO2
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voltage drops across the channel. This can be clearly understood from the (3.1) to
(3.3) mentioned in the previous section. We thus tried to simulate the effect of
graphene channel voltage on the quantum capacitance for GFET1 while keeping the
top gate voltage and back gate voltage as constants. The results thus obtained are
plotted in Figs. 3.5 and 3.6. We have considered back gate voltage as 40 and −40 V
for the results plotted in Figs. 3.5 and 3.6 respectively. Three different top gate
voltages with values −1, 0 and 1 V are considered for the present simulation. It is
interesting to note here that the presence of Dirac point implies the conduction type
of graphene channel changes from n-type to p-type for different channel voltage as
attributed by Meric et al. [4]. Further, the effect of polarity of top gate potential is
significant as evident from the two figures. So, we have to consider meticulously
and sensibly these effects while modelling and evaluating other vital device
parameters like transconductance and cut-off frequency etc.

Fig. 3.4 Quantum
capacitance as functions of
gate voltages

Fig. 3.5 Quantum
capacitance w.r.t. graphene
channel voltage
(VG,back = 40 V)
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3.4 Conclusion

The simulation study gives insight to the influence of gate voltages and graphene
channel voltages on the quantum capacitance as well as sheet carrier density. We
hope it will help in understanding the significance of quantum capacitance in
modelling and simulation of DC and small signal properties of graphene
MOSFETs.
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Chapter 4
Effect of Back Gate Voltage on Double
Gate Single Layer Graphene Field-Effect
Transistor with Improved ION

Garima Shukla, Abhishek Upadhyay and S. K. Vishvakarma

Abstract In this paper, the effect of back gate voltage on drain current in a double
gate single layer graphene field effect transistor is shown through a developed
mathematical model. Through this structure and employing high dielectric constant
material (HfO2) as top gate dielectric, result has been improved in terms of ION/IOFF
ratio. This device structure is showing further increase in ON current on application
of high back gate voltage. This projected mathematical model is valid for both
electron and hole conduction to show the effect of back gate voltage on drain
current, whereas in this literature high ION/IOFF ratio and high ION have been
obtained for hole conduction.

4.1 Introduction

In the course of past few years, semiconductor electronics experienced a great
evolution, leading to firm reduction in cost per transistor. Continuous scaling of
conventional materials based transistors is the main basis of this success. By year
2020, International Roadmap Technology for Semiconductor (IRTS), demands
10 nm channel length MOSFET’s. This reduction in dimensions which approaches
to nanoscale, face great challenges and hence physical limits have been reached
inducing short channel effects (SECs).
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A vast research has been motivated during last few years on new materials and
devices structures to alleviate these limitations. Graphene immersed as a most
promising material [1, 2]. Graphene is a two dimensional (2D) planar sheet of sp2

hybridized carbon atoms, in which these atoms are tightly packed in a honeycomb
lattice structure [2, 3]. Graphene is a zero band gap, single transparent layer of
graphite substance. Charge carriers in graphene are called as massless Dirac fer-
mions. Graphene field effect transistors (GFETs) have shown excellent performance
in analog and RF applications [1–4]. Therefore GFET’s based electronics need the
approaches to increase trans conductance (ON current), so that GFET’s can deal
with very high frequency in analog/RF applications.

Literatures show that the most promising structure to increase the ON current
(ION) in GFET is dual gated structure, in which application of Vbackg on back-gate
terminal provides the mean for reduction of contact resistance (RC) [5–7].

Application of Vbackg reduces RC by increasing the charge concentration at the
contacts (region between source/drain and channel). Hence modulation of contact
resistance results in shifting of Dirac point and result of which shows an improved
ON current (ION) either for holes or for electrons, depending on value of applied
back gate voltage [5, 6]. In this literature a modeling has been done for drain current
in dual gate single layer GFET including the effect of back-gate voltage and vali-
dation of developed modeling has been done by implementing it against experi-
mental data of [5]. Implementation of model shows correct result for drain current
of [5]. Here after this calibration HfO2 is substituted as top-gate dielectric instead of
Al2O3, result of which shows higher ION and ION/IOFF ratio than [5] for same
experimental parameters. Here after employing HfO2 as top-gate dielectric in this
GFET structure, further increase in ION has been obtained at higher value of Vbackg.
Therefore maximum ION has been attained at Vbackg ¼ �50V.

4.2 Structure of DG GFET

The GFET structure is shown in Fig. 4.1, where a single layer of graphene is
patterned over dense back gate oxide (SiO2) layer. In this structure, application of
Vbackg on back gate terminal controls the contact resistance ðRCÞ at contacts (region
between source/drain and channel) of graphene channel. Literatures show that the
most promising structure to increase the ION in GFET is dual gated structure, in
which application of Vbackg on back-gate terminal causes the reduction of RC.
Application of Vbackg reduces RC by increasing the charge concentration at the
contacts. Modulation of RC results in variation of threshold voltage ðV0Þ and hence
Dirac point of GFET is shifted which in turn improves ION, either for holes or for
electrons depending on value of applied Vbackg. Application of negative Vbackg

increases the threshold voltage ðV0Þ to positive values as shown in Fig. 4.2 and as a
result ION for holes increases. After implementing parameters of [5] through this
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developed modeling, result shows that modeling fits the experimental data of [5] for
Vbackg ¼ �30V and after employing HfO2 as top-gate dielectric, ION/IOFF ratio has
been improved (ratio = 8.22) compared to [5]. This characteristics curve between
drain current (Id) and top-gate voltage (Vtopg) is shown in Fig. 4.3. In Fig. 4.4 it is
shown that for this structure ION has further been improved on increasing Vbackg to
more negative values (10 to −50 V) and maximum (ION = 15.54 µA) is obtained at
Vbackg ¼ �50V.

Fig. 4.1 Structure of
dual-gated single layer GFET

-60 -40 -20 0 20 40 60
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2

V 0 (V
)

Vbackg (V)

Fig. 4.2 Threshold voltage
as a function of back gate
voltage Vbackg
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4.3 Mathematical Modeling

As stated earlier that literatures demonstrate, the most promising structure for
attaining high ION for high frequency (high speed) applications is dual gated GFET,
in which application of Vbackg, reduces the RC and shifts the Dirac’s point, resulting
increase in ION. Up to now in dual-gated single layer structure increase in Ion have
been shown experimentally only [5]. In proposed work, a compact mathematical
modeling has been developed for dual-gate single layer GFET incorporating the
effect of back-gate voltage and work is further extended to get high Ion by replacing
top-gate oxide material Al2O3 with HfO2 for same other parameters of [5].
Therefore result has been improved compared to previous literature [5]. Here result
is showing that by using HfO2 as top-gate dielectric, GFET is giving further high
ION on increasing Vbackg to more high negative values (maximum at
Vbackg ¼ �50V) as shown in Fig. 4.4. Implementation of this model shows the
variation in hole as well as in electron conduction on applying Vbackg.
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Fig. 4.3 Drain current, as a
function of top-gate voltage
for back-gate voltage = −30 V
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Fig. 4.4 Drain current as a
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for different back-gate voltage
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As of the drift-diffusion theory of semiconductors, current in transistor is given
as product of charge concentration, drift velocity and area of channel. For very thin
graphene layer GFET current is given as:

Id xð Þ ¼ �WQ xð Þv xð Þ ð4:1Þ

where QðxÞ is the graphene channel charge density, W is gate width and vðxÞ is the
carrier drift velocity, ‘x’ belongs to the respective position alongside the channel
length from 0 to L (channel length). Drift velocity (v) is specified as following [8]:

v ¼ lE

1þ lE
vsat

ð4:2Þ

where ‘E’ is the electric field, l is the mobility of charge carriers within graphene
channel and vsat is saturation velocity and it is related as:

vsat ¼ lES ð4:3Þ

where ES is the critical electric field, at which v becomes saturation velocity. As it is
known that electric field is the change in potential VðxÞ, along channel with respect
to position ‘x’ as:

E ¼ � dV xð Þ
dx

ð4:4Þ

Hence by combining (4.2), (4.3) and (4.4) and putting it into (4.1), drain current
equation Id is:

Id xð Þ ¼
Q xð ÞWl dV xð Þ

dx

� �

1� l dV xð Þ
dxð Þ

vsat

� � ð4:5Þ

Since the charge carriers in the graphene channel are modulated by top-gate
voltage, so channel charge density is given as [8]:

Q xð Þ ¼ Ctopg Vtopg � V xð Þ � V0
� � ð4:6Þ

where Ctopg is the top gate oxide (HfO2) capacitance, Vtopg is top gate voltage, VðxÞ is
the potential along channel at any position ‘x’ from 0 to ‘L’ and V0 is threshold
voltage. Here V0 is responsible for shifting of Dirac point. It is given as following [9]:

V0 ¼ Vtopg0 þ Cbackg

Ctopg
Vbackg0 � Vbackg
� � ð4:7Þ
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where, fitting parameters Vtopg0 ¼ 2:18V and Vbackg0 ¼ 2:7V are the Dirac point top
and back gate voltages respectively. This is due to impurities absorbed in graphene.
These values has been generated after putting values of all parameters from [5] in
(4.7) at different set of values of V0 and Vbackg. Ctopg HfO2ð Þ ¼ 688 nF/cm2 (thick-
ness, ttopox ¼ 20 nm and dielectric constant ktop ¼ 16). Cbackg SiO2ð Þ ¼ 11 nf=cm2

(thickness, tbackox ¼ 300 nm and dielectric constant kback ¼ 3:9).
From (4.7), it is clear that dependence of Vbackg on V0 is liable for modulating

contact resistance and shifting of Dirac’s point. GFET’s are having source and drain
regions, which are doped electrostatically, by the Vbackg, which allows control over
V0 and RC of the top-gated channel [5, 6]. Top-gate and back gate both concurrently
co-modulate the complete graphene channel of GFET. The above-mentioned
explains that under negative Vbackg, hole concentration in graphene is improved
especially at the part between source/drain and channel, so RC declines [5, 6]. Since
in this literature, increase in ION for holes has been shown, hence Vbackg is increased
from 10 V to −50 V for negative values. Increase in negative Vbackg, results
increase in positive V0. Characteristics curve for V0=Vbackg is shown in Fig. 4.3.

Hence by (4.6) and (4.7), new drain current has been changed to:

Id xð Þ ¼
Ctopg Vtopg � V xð Þ � V0

� �
Wl dV xð Þ

dx

� �

1� l dV xð Þ
dxð Þ

vsatu

� � ð4:8Þ

By integrating IdðxÞ at left hand side of equation from 0 to ‘L’ and V(x) in right
hand side from Vð0Þ to VðLÞ:

Id xð Þ ¼
R V Lð Þ
V 0ð Þ Ctopg Vtopg � V xð Þ � V0

� �
Wl dV xð Þ

dx

� �
R L
0 1� l dV xð Þ

dxð Þ
vsatu

� � ð4:9Þ

Here Vð0Þ ¼ IdRc and VðLÞ ¼ Vds � IdRc, RC is contact resistance between
source/drain and channel, Vds is source to drain voltage. L ¼ 10 lm and W ¼
10 lm After integrating both sides of equation for respective limits and simplifying
that, following current equation is attained:

Id ¼ 1=4Rc Vds � VS þ W
L
lESLCtopg Vtopg � V0 � Vds

2

� �
RC

�

� p
Vds � VS þ W

L
lESLCtopg Vtopg � V0 � Vds

2

� �
RC

� ��

� 4
W
L
lESLCtopg Vtopg � V0 � Vds

2

� �
RC

�	
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On rearranging and simplifying further, following compressed drain current
equation is obtained:

Id ¼ 1=4RC Vds � VS þ I0RC �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vds � VS þ I0RCð Þ � 4I0RCð Þ

ph i

where,

VS ¼ ESL ¼ vsatL
l

I0 ¼ W
L
lESLCtopg Vtopg � V0 � Vds

2

� �

4.4 Results

Figure 4.3 shows that through proposed modeling exact calibrated curve is obtained
for drain current as in [5] at Vbackg ¼ �30V and after employing Al2O3 as top gate
dielectric. Figure 4.3 also shows that on employing HfO2 as top gate dielectric
instead of Al2O3, result has been improved in terms of ION and ION/IOFF ratio. For
equal values of Vtopg and Vbackg, proposed work ½ktop ¼ HfO2� is resulting in
improved ION and ION/IOFF ratio compared to [5].

Figure 4.4 shows that on increasing Vbackg further to negative values, ION
increases further and maximum ION is obtained at −50 V.

Figure 4.5 shows Id � Vbackg characteristics curve for different Vtopg.
Figure shows that as Vtopg increases to positive values by keeping Vbackg constant,
ION for holes decreases and Dirac point shifts to less positive voltage. On increasing

Fig. 4.5 Drain current as a
function of back-gate voltage
for different top-gate voltage
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Vtopg to negative values or less positive values for same Vbackg, ION for holes
increases and Dirac point shifts to more positive values.

Comparison of result obtained in this work with [5] is shown in Table 4.1 on the
basis of different parameters.

4.5 Conclusion

In this paper through developed modeling with the effect of back gate voltage and
employing HfO2 as top-gate dielectric material, result has been improved in terms
of ION and ION/IOFF ratio. Here this improved ION will increase the
trans-conductance ðgmÞ of GFET and will enhance the performance of GFET in
Analog/RF applications. Implementation of this structure will develop the appli-
cation of double gate GFET’s in field of high frequency devices and circuits.
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Table 4.1 Comparison
between parameters

GFET parameter’s This literature [5]

ktop 16 9.1

Vtopg ðVÞ −2 −2

Vbackg ðVÞ −30 −30

ION ðlAÞ 14.71 11.5

IOFF ðlAÞ 1.79 2.2

ION=IOFF ratio 8.22 5.4
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Chapter 5
Effects of Chemical Functionalization
on Single-Walled Carbon Nanotubes
by Mild Hydrogen Peroxide for PV
Applications

D. Jamwal, S. Dhall, N. Kumari and R. Vaid

Abstract We report the effect of functionalization on single-walled carbon nan-
otubes (SWCNTs) by a very mild oxidant hydrogen peroxide (H2O2) compared to
H2SO4, HCL, HNO3. We made a comparative study by dispersing nanotubes in
H2O2 first for 22 h and then for 44 h. From different characterization techniques,
we observed that the increased time of functionalization has a very minute effect on
the functional properties of treated nanotubes contrast to pristine nanotubes. The
increased time show an overlapping response indicating that H2O2 alone is not
sufficient enough for efficient doping of carbon nanotubes. Our study revealed all
the drawbacks of functionalizing the nanotubes alone with H2O2.

5.1 Introduction

Iijima made a remarkable contribution in physics by discovering a wonder material
carbon nanotubes in 1991 [1]. Based on the process used for fabrication, CNT’s can
be broadly classified into two types: SWCNT’s and MWCNT’s (multi-walled
carbon nanotubes). SWCNT’s employ single layer of graphene rolled up into a
seamless cylinder whereas MWCNT’s consists of multiple layers of concentric
graphene sheets held together with the vander waals forces between them [2].
Insolubility in any solvent is a major drawback of carbon nanotubes. One possible
optimal solution to this problem is to functionalize it. Functionalization serves
several purposes to separate semiconducting tubes from metallic ones, prevent
nanotube aggregation which helps them to disperse better, to freed nanotubes from
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carbonaceous impurities or to reduce the width of diameter dispersion [3]. Several
methods of functionalization has been reported till date viz. defect functionalization,
covalent functionalization and non-covalent functionalization [4].

5.2 Experimental Details

SWCNTs were procured from nanoshel (Mumbai, India) with a purity level of
98.99%. These nanotubes have been synthesized by arc-discharge method. For
functionalization, we put these SWCNTs in an aluminum boat and kept that boat in
heating furnace at 350 °C for 3 h. After letting the nanotubes to cool down at room
temperature, concentrated H2O2 is added to it for 22 h. Then, solution containing
H2O2 and SWCNTs was stirred for 2 h. Finally, filtration of nanotubes was done
and then tubes were dried in an electric furnace at 51 °C for 4 h and were named
F-SWCNTs. The above procedure was repeated similarly second time also but at
this instant dipping time of SWCNTs in concentrated H2O2 was for 44 h exactly
double of first run to study the change in carbon nanotube characteristics.

5.3 Results

XRD spectra of P-SWCNTs (Fig. 5.1) shows a sharp diffraction peak at
2h = 26.37° corresponding to the 002 plane of graphite carbon atoms. The same
diffraction peak for our treated tubes (both 22 and 44 h duration) is observed at
2h = 26.34 with a shift towards lower angle compared to P-SWCNT’s. This
decrease in intensity could be attributed to the attachment of functional groups
which is further responsible for decrease in crystallinity of nanotubes which is
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Fig. 5.1 XRD spectra of
(a) P-SWCNTs and
F-SWCNTs for (b) 22 h
(c) 44 h respectively
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reported in the Table 5.1. The shifting of F-SWCNTs occurs because of the
enhancement in the intertubular spacing due to the attachment of the functional
groups at the surface and ends of the carbon nanotubes. Similar type of study has
been reported elsewhere [5]. Although the XRD response of treated tubes (both 22
and 44 h) overlap with each other but still some phase shift is observed in the
spectra of two which might be an indicator that dipping nanotubes in H2O2 for
longer duration might degrade the functional property of H2O2 as H2O2 being very
mild oxidizer could easily allow foreign particles to adhere onto it. The diffraction
profile exhibit other prominent peaks centered around 2h = 23.84°, 42.97°, 54.35°,
77.83° corresponding to 002, 100, 004, 110 planes in graphite respectively [6].

The Raman spectra of P-SWCNTs (Fig. 5.2) extends from 100 to 3000 cm−1

consists of three standard characteristics bands namely the D-band at 1345 cm−1,
G-band at 1568 cm−1, G’ band at 2699 cm−1 and RBM (radial breathing mode)
around 172 which is not clearly visible. From Fig. 5.2, it is clearly visible that these
characteristic peaks are still present in the Raman spectra of F-SWCNTs with their
peak intensity enhanced. This implies that the basic structure of P-SWCNTs is
retained after functionalization and nanotubes becomes less entangled giving an
increased intensity of Raman signal [7]. A D-band often regarded as the defect band/
disorder induced D-band is a major objective of our study. A sharp and enhanced
peak response of D-band confirms the efficient attachment of functional groups but
since H2O2 being very soft oxidant do not cause much introduction of functional

Table 5.1 XRD analysis of the pristine and functionalized nanotubes

S. No Sample name Angle FWHM Crystal size Slope

1. P-SWCNTs 26.37 0.75 11.37 0.0140

2. F-SWCNTs (22 h) 26.34 0.79 10.79 0.0147

3. F-SWCNTs (44 h) 26.35 0.79 10.79 0.0147
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groups to the nanotubes finally leading to the D-band signals with weak intensity
which can be clearly verified from our Raman spectra. The decreased value of ID/IG
for F-SWCNTs shows that breaking of bonds could not take place thus failing to

Table 5.2 Raman band analysis of the pristine and functionalized nanotubes

S. No Sample name D band G band G’ band ID/IG Q = 1 − D/G

1. P-SWCNTs 1346 1569 2700 0.857 0.142

2. F-SWCNTs (22 h) 1349 1578 2699 0.854 0.145

3. F-SWCNTs (44 h) 1344 1570 2697 0.856 0.143

Fig. 5.3 SEM image of
P-SWCNTs

Fig. 5.4 SEM image of
F-SWCNTs 22 h
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introduce functional groups on side walls as well as on the ends of the tube [7]. The
quality factor is improved to a certain extent after functionalization (Table 5.2) [8].

Figures 5.3, 5.4 and 5.5 shows the SEM images of P-SWCNTs and F-SWCNTs
(for 22 and 44 h resp.). P-SWCNTs appear in the form of bundles but after acid
treatment they are supposed to be separated but the same is not observed in our case
causing no surface or structural modification to the nanotubes eventually proving
H2O2 alone is not sufficient for functionalization.

FTIR spectra of P-SWCNTs and treated tubes (both 22 and 44 h duration)
(Fig. 5.6) do not show much difference. FTIR is often used to confirm the
attachment of functional groups on nanotubes after functionalization. Since
the single acid (H2O2) used in our work is of very mild nature unable to attach the

Fig. 5.5 SEM image of
F-SWCNTs 44 h
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required amount of functional groups in the nanotube. The strength of attachment is
too low that it cannot be clearly observed in FTIR characterization confirming all
the three samples are of same nature.

5.4 Conclusion

This paper mainly highlights the inefficient functionalizing of SWCNT’s with H2O2

even at the cost of increased time. It showcased its inefficiency of attaching func-
tional groups with the various characterization techniques studied above. So H2O2

alone is never recommended for the applications where the rich surface modifica-
tions of the carbon nanotubes are required. However, optimized value of quality
factor is obtained for F-SWCNT’s for 22 h.
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Chapter 6
Effect of Tip Induced Strain
on Nanoscale Electrical Properties
of MoS2-Graphene Heterojunctions

Vishakha Kaushik, Deepak Varandani,
Pintu Das and B. R. Mehta

Abstract In the present study, chemical vapor deposited two-dimensional (2D)
heterostructures are studied for their interesting electrical, and mechanical proper-
ties. The two-dimensional materials, molybdenum disulfide (MoS2) and Graphene
are characterized based on the nanoscale variations in the work function of the
heterostructure using kelvin probe force microscopy (KPFM) and electrical prop-
erties using conductive atomic force microscopy (CAFM) techniques. Raman
spectroscopy has been employed to identify MoS2, Graphene and study their layer
dependence. The surface potential value of the heterostructure exhibits a value of
527 mV, necessary to identify the nature of metal tip contact to be used for its
loading force dependence. The I–V characteristics are studied with two different
AFM metal tips in contact mode, namely, Cobalt (Co) and Silver (Ag) coated tips,
forming an Ohmic contact with MoS2-Graphene heterostructure, theoretically, to
probe the junction characteristics. The study emphasizes the critical influence of
two-dimensional nature of MoS2 with metal contacts in novel 2D materials based
devices.

6.1 Introduction

After the advent and success of graphene, the research focus has shifted to explore
other 2D materials like molybdenum disulfide (MoS2) with interesting and diverse
spectrum of properties. For application of 2D layers in semiconductor devices,
metal-2D and 2D-2D interfaces are very important [1]. The present manuscript
addresses the fundamental issue related to the nature of contacts formed between
metals (Co and Ag coated AFM tips in the present study) and 2D MoS2-Graphene
heterostructure, a crucial aspect of practical TMDC based devices, not extensively
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reported in literature thus far. Such vertical heterostructures of two-dimensional
layered materials is expected to result in novel electronic and opto-electronic
devices.

6.2 Methods

The low pressure chemical vapor deposition (LPCVD) synthesis of
single-crystalline MoS2 has been carried out under a controlled environment in a
split-zone, quartz tube furnace. A proper selection of precursors and substrates is
the first step for synthesis of 2D MoS2 films by CVD. In our present study, MoO3

and S powder are used as solid precursors, SiO2/Si as substrate with thickness of
oxide taken as 300 nm and argon utilized as the carrier gas. The MoS2-Graphene
heterostructureis characterized using Optical microscopy, Raman Spectroscopy,
Atomic force microscopy, Kelvin probe force microscopy and Conductive atomic
force microscopy. The CAFM studies were carried out on the samples using the
multimode AFM system (NanoscopeIIIa, M/s Veeco Metrology Group).

6.3 Results

In the present study, heterostructure formed between MoS2-Graphene is charac-
terized using CAFM technique to understand the localized I–V characteristics, as
shown in Fig. 6.1 [2]. Heterostructure samples were identified using Raman
spectroscopy based on the position of Raman peaks for both MoS2 and Graphene.
The optical micrograph of the heterostructure and the corresponding schematic of
the measurement setup is as shown in Fig. 6.1a, b. The Raman spectra of the
location shown in Fig. 6.1 is as obtained in Fig. 6.2. In order to study the effect of
loading force on the junction properties, Ohmic metal contacts to the heterostruc-
ture are taken (Co and Ag coated tips, in the present case).

Fig. 6.1 Optical microscopy showing MoS2-Graphene heterostructure in (a) and schematic of the
measurement setup in (b)
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The I–V characteristics are as obtained in Fig. 6.3 for a typical case of Co coated
AFM tip contact to MoS2-Graphene heterostructure. The AFM tip metal and MoS2-
Graphene heterostructure is studied as a function of applied loading force [3]. The
change in rectification ratio with force for the four cases with forces at 53, 80, 92
and 145 nN are as shown in Fig. 6.3b. Experimental investigation of I–V charac-
teristics using CAFM shows the formation of Schottky barrier and hence a recti-
fying contact due to Fermi level pinning for both Co metal electrode and Ag coated
Pt tip electrode contact. Decreasing rectification ratio with increasing force as
studied previously for metal-MoS2 contact highlights the importance of the
two-dimensional nature of MoS2 on the junction properties. The nature of contact
formed is essential to study the heterostructure properties.

Fig. 6.2 Raman spectra for MoS2-Graphene heterostructure. Inset showing MoS2 Raman bands

Fig. 6.3 I–V characteristics of Co tip contacted with MoS2-Graphene heterostructure varying as a
function of increasing loading force from 53 to 145 nN (1–4) in (a) and change in rectification
ratio with force in (b)
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6.4 Conclusion

Our study involving the synthesis of a 2D heterostructure, highlights the importance
of metal-2D and 2D-2D contacts in device engineering. The present study
demonstrates the significance of charge carrier transport and novel properties
exhibited by 2D heterostructures. The present study highlights the importance of
2D-2D contact in device engineering, illustrating the potential of the 2D materials
in development of ultra-sensitive force/pressure transducers.
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Chapter 7
Optimization of the Concentration
of Molybdenum Disulfide (MoS2)
for Formation of Atomically Thin
Layers

Vineeta and Shyama Rath

Abstract Transition metal dichalcogenides (TMDs) are layered materials with
strong in-plane and weak out-of-plane interactions enabling exfoliation into
two-dimensional thin sheets. Although TMDs have been studied for decades, recent
advances in nanoscale materials characterization and device fabrication have opened
up new opportunities for two-dimensional layers of thin TMDs in nanoelectronics
and optoelectronics. Our present work focuses on optimizing the concentration of
MoS2 to produce atomically thin nanosheets using Liquid Phase Exfoliation. The
resultant dispersions were analyzed by absorption, photoluminescence spectroscopy
and Raman spectroscopy. A significant light emission was observed.

7.1 Introduction

Transition Metal Dichalcogenides (TMDs) are 2D layered materials which naturally
exist as stacks of strongly bonded layers held together by weak van der Waals
attractions. They are basically composed of a “sandwich” structure possessing a
transition metal (e.g. Mo, W) layer in between two chalcogen layers (e.g. S, Se).
The weak interlayer interactions facilitate their exfoliation into thin layers. MoS2,
MoSe2, WS2 etc. are some of the TMDs which have tunable bandgaps that can be
changed from indirect to direct for few monolayer making these promising mate-
rials for optoelectronic applications. MoS2 is one of the most stable layered metal
dichalcogenide. In the bulk form, it has an indirect bandgap of 1.2 eV which
increases to a direct bandgap of 1.9 eV in monolayer and few layers [1].

Liquid Phase Exfoliation (LPE) is one of the versatile methods to obtain atom-
ically thin nanosheets of TMDs [1]. Its origin can be traced as far as back as 1859,
when Brodie reported a process similar to wet ball milling of graphite flakes [2].

Vineeta � S. Rath (&)
Department of Physics and Astrophysics, University of Delhi,
Delhi 110007, India
e-mail: srath@physics.du.ac.in

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_7

39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_7&amp;domain=pdf


While the process has changed somewhat, but the principle remains the same. Shear
forces are applied to stacked MoS2 layers in order to delaminate them from the
parent crystal followed by subsequent stabilization of exfoliated sheets against
reaggregation [3]. However, if there is a surface tension mismatch between the
solvent and the 2D material then the exfoliated material tends to reaggregate. So,
the choice of an appropriate solvent is important for successful LPE to occur.

On the basis of thermodynamic theories, good solvents are those in which the
surface energies of solvent and 2D material match leading to a minimum enthalpy
of mixing. N-methyl-pyrrolidone (NMP) has surface tension of 40 mN/m making it
reasonably good solvent for TMDs like MoS2, WS2, h-BN etc. But surface energy
may be only crude solubility parameter that can be considered for initial solvent
survey as the exfoliation abilities of solvents with same surface energies tend to
diverge in different levels. Colemon et al. used Hansen Solubility Parameter to
study the specific type of solute—solvent interactions and demonstrated that sol-
vents such as N-methyl-pyrrolidone (NMP), N,N-dimethylacetamide, benzyl ben-
zoate are the suitable solvents. Based on the previous work [1], NMP has been used
as a solvent. MoS2 concentration was varied around values reported in literature
optimize the concentration for maximum light emission.

7.2 Method

Commercially available MoS2 powder and solvent N-methyl-pyrrolidone
(NMP) were purchased from Alfa Aeser. Both solvent and material were used as
supplied. Sonication was performed in a bath sonicator at a ultrasound frequency of
33 kHz and a power of 60 W. The resulting dispersions were centrifuged in a Thermo
Fischer Scientific Eppendorf MiniSpin Microcentrifuge.

MoS2 powder of different concentrations, ranging from 0.5 to 5.0 mg/ml in steps
of 0.5 mg/ml, was dispersed in NMP in sealed glass vials. The sealed samples were
kept for ultrasonication for 02 h. The temperature of the bath was maintained at
25 °C throughout the procedure. This excluded the effect of temperature on the
composition of the solvent. This procedure resulted in dark green dispersions which
were then centrifuged at 10,000 r.p.m for 30 min at 25 °C. Utmost care was taken
to collect the top two-third supernatant of each dispersion using a micropipette. The
dispersion of concentration 2 mg/ml was chosen for further sonication for 02, 03,
and 04 h followed by centrifugation at 10,000 r.p.m for 30 min.

The resultant dispersions were analyzed by absorption, photoluminescence and
Raman spectroscopy. Absorbance spectra were obtained using a JASCO V-670
absorption spectrometer in a quartz cuvette of path length 1 centimetre.
Photoluminescence measurements were done on a Varian Cary Eclipse fluorescence
Spectrometer. Two different excitationwavelengths of 500 nm and 520 nmwere used
to confirm the PL emission. The Raman spectra was acquired with a
LabRamHORIBARamanMicroscope with a 488 nmwavelength laser. The samples
for Raman measurements were prepared by drop casting the dispersion on a silicon
wafer. Low laser powers were used to avoid sample heating.
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7.3 Results

Figure 7.1a shows the absorption spectra. The four peaks observed at 386 nm
(3.21 eV), 443 nm (2.79 eV), 609 nm (2.04 eV) and 668 nm (1.86 eV), are the
characteristic absorption bands A, B, C and D of exfoliated MoS2 in the dispersed
solution of concentration of 2 mg/ml [4]. These excitonic bands at 609 nm (A) and
668 nm (B) arise from interband excitonic transitions at K point of the 2D Brillouin
zone of MoS2 due to the spin-orbit splitting of top of the valence band [4–6]. The
strong peak at 386 nm (C) with a weak shoulder at 443 nm (D) could be assigned to
the direct transition from the deep valence band to the conduction band [4, 7]. Peak
positions are not very sensitive towards the number of layers. Figure 7.1b repre-
sents absorption spectra for the optimum concentration of 2 mg/ml at successive
sonication times. There is no observable shift in the positions of characteristic bands
thus confirming the formation of nanosheets [7].
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B A

D

C

B A

B A

(a)
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Fig. 7.1 a Absorbance Spectra for different concentrations and b comparative plots for 2 mg/ml
concentration for different sonication times
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Being an indirect bandgap material, bulk MoS2 does not give any peak in
photoluminescence (PL) [6]. Figure 7.2a shows the photoluminescence spectra for
different concentrations, a significant emission is observed at lower concentrations,
which improved significantly when the concentration is changed to 2 mg/ml. For a
further increase in the concentration, a decrease in peak intensity is observed.

B

A

B

A

(a) (b)

Fig. 7.2 Photoluminescence spectra a for different concentrations and b different excitation
wavelengths

1 μm

(a) (b)

Fig. 7.3 a Raman spectra for a concentration of 2 mg/ml and bulk MoS2 and b Optical image
representing few layer MoS2 flakes
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Monolayer MoS2 is reported to exhibit a single narrow highly intense peak centered
around 654 nm (1.89 eV) [6, 7]. This peak shifts to red and broadens slightly for
few layers which is what is observed at a concentration of 2 mg/ml.

Figure 7.3a shows the comparative Raman spectra of bulk MoS2 powder and
2 mg/ml concentration. Two characteristics bands at 382.5 and 408.8 cm−1 were
observed for concentration 2 mg/ml corresponding to the in-plane (E2g

1 ) and
out-of-plane (A1g) vibrational modes respectively. It is found that the E2g

1 peak is
red shifted and A1g peak is blue shifted in the exfoliated sample as compared to the
bulk MoS2. This difference of 26.3 cm−1 between the two vibrational modes
suggests that the exfoliated MoS2 is approximately 5–6 layers thick [8].

7.4 Conclusion

Liquid Phase Exfoliation of MoS2 have been undertaken for different concentra-
tions of MoS2 in NMP solvent and as a function of the sonication time. An
inspection of the absorption and photoluminescence spectra suggests that a con-
centration of 2 mg/ml gives good optical properties. Further, from the Raman
spectra, the formation of few layers is confirmed.
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Chapter 8
Fabrication of 2D NEMS on Flexible
Substrates for Strain Engineering
in Sensing Applications

Swapnil More and Akshay Naik

Abstract Extraordinary mechanical properties and ultralow mass of 2D materials
make them attractive candidates for Nanoelectromechanical Systems (NEMS).
Dynamics of ultrathin NEMS strongly depends on strain in the membrane. Control
over strain can be utilized to enhance the performance of such 2D NEMS devices
(Wang and Feng in Appl Phys Lett 104:103109, 2014 [1]). Here we report two
distinct strategies for fabrication of 2D NEMS on flexible substrate. The process
flow is simple and does not deviate drastically from conventional lithographic
processes employed for NEMS fabrication. NEMS on flexible substrate can be
subjected to desired strain values by bending the substrate.

8.1 Introduction

NEMS device based on 2D material is an important platform for next generation
sensing technologies. 2D materials have very high Young’s modulus and high
breaking strain limit [2, 3]. Strain (e) in the membrane plays a crucial role in 2D
NEMS and it can be utilized in three ways for improving the performance of NEMS
based sensors. Firstly, nonlinearity starts playing a strong role as we reduce the
dimension to atomically thin. As a result, linear dynamic range (DR) of the device
is reduced significantly. Large DR is desirable for sensors based on NEMS. DR
depends on strain as: DR * e5/2 [1]. Thus, small change in strain can enhance
device DR significantly. Secondly, resonance frequency strongly depends on the
membrane strain [4]. This provides a platform to realize high frequency resonator
which is desirable for many applications. Thirdly, strain modifies electrical, and
optical properties of 2D materials belonging to group of transition metal
dichalcogenides (TMDC) [2]. This can be exploited to make more accurate piezo
resistive sensors based on TMDC-NEMS.
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Fig. 8.1 a, b Evolution of Raman and PL spectra of monolayer MoS2. c Experimental setup
employing FPB for bending PET substrate. d MoS2 NEMS fabricated on PET substrate using
method of Su8 underetch. e Optical images of device with rectangular trench before transfer of 2D
material. f AFM image of device with circular trench before transfer of 2D material. g AFM image
of device formed after transfer of MoS2 flake on circular trench. h Typical dimensions of trench
formed by FIB (S: source, D: strain, G: gate)

46 S. More and A. Naik



In this work, we report two distinct methods of fabricating 2D NEMS on flexible
substrate. When the substrate is bent, the NEMS experiences tensile strain. We use
motorized four-point bending setup to strain the substrate controllably (Fig. 8.1c).
The setup can be mounted inside vacuum chamber to perform accurate study of
dynamic behavior of NEMS. Raman and PL studies show that the 2D material
(MoS2 in our study) can be strained up to 2.5% (Fig. 8.1a, b).

8.2 Fabrication Method

We differentiate between the two fabrication methods according to the way the
resonating membrane is suspended between source-drain electrodes and above the
gate electrode. In both the methods polyethylene terephthalate (PET) was used as a
substrate and Su8-2002 as a negative resist to realize structural elements of NEMS.

8.2.1 Suspension of Vibrating Membrane by Wet Under
Etch of Su8-2002

We start with PET substrate coated with 60 nm layer of Gold. This layer reduces
charging of substrate during e-beam lithography and hence allows writing of
desired shapes with high accuracy. This layer is also a global back gate of NEMS
device. A layer of thinned Su8-2002 is spin coated to give 200 nm thickness. The
desired 2D material is now transferred on Su8. E-beam lithography is performed to
crosslink Su8 selectively to define the supports for membrane and source-drain
electrodes. Another layer of PMMA based e-beam lithography is performed to
define source and drain electrodes. After deposition of Cr (5 nm) and Au (60 nm)
the sample is dipped sequentially in acetone, Su8 developer and IPA without
exposing substrate to atmospheric air. The substrate is then passed though critical
point dryer (CPD) to suspend the atomically thin membrane.

Figure 8.1d shows MoS2 NEMS fabricated of PET substrate using this method.

8.2.2 Suspension of Vibrating Membrane by Transferring
2D Material on Trench Etched on Su8-2002

The Gold coated PET substrate is spin coated with thinned Su8-2002 to give
200 nm layer. This layer is crosslinked by photolithography and developed there-
after. On this layer PMMA based e-beam lithography is performed to produce gate
electrode. The substrate is again spin coated with thinned Su8-2002 layer to give
300 nm thickness. This Su8 layer is crosslinked photo-lithographically and
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developed subsequently. Focus Ion Beam etching of crosslinked Su8 done to define
200 nm deep trench which is aligned with underlying gate electrode. The shape of
trench is circular (rectangular) to make drum resonators (fixed-fixed beam res-
onator). PMMA based e-beam lithography is performed to define source-drain
contact. All source, drain and gate electrodes are thermally evaporated layers of
5 nm Cr and 60 nm gold. The 2D material membrane is now transferred on the
trench to realize the resonator.

Figure 8.1e shows the optical images of device architecture with rectangular
trench. Figure 8.1f shows AFM image of circular trench and Fig. 8.1g shows MoS2
membrane transferred on circular trench, which defines the resonating membrane of
drum resonator.

8.3 Conclusion

2D NEMS on flexible substrate can serve a platform to improve performance of
NEMS device. It also opens a route to study strain dependent dynamics of NEMS.
The fabrication methods reported here are similar to those used for fabrication of
conventional NEMS. The flexibility of substrate allows straining up to 2.5%, which
is far greater than conventional straining methods such as straining by electrostatic
gating and straining by exploiting thermal coefficient of expansion mismatch
between substrate and gate. This method does not involve complexities of straining
NEMS using a MEMS actuator.
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Chapter 9
Transition Metal Doped ZnS
Monolayer: The First Principles Insights

Rajneesh Chaurasiya and Ambesh Dixit

Abstract Structural and electronic properties of pristine and transition metal doped
ZnS monolayer are investigated within the framework of density functional theory.
The pristine ZnS monolayer is showing direct band gap of about 2.8 eV. The
investigated transition metal doping showed the transition from non-magnetic
semiconductor to a magnetic system e.g. magnetic semiconductor for Co doped
ZnS and half metal for Ni doped ZnS monolayers. The Co doped ZnS monolayer
showed higher formation energy, confirming the strong bonding than that of Ni
doped ZnS monolayer. The electron difference density shows the charge sharing
between transition metal (Ni and Co) and S, confirming the covalent bond
formation.

9.1 Introduction

Zn–VI compound semiconductors are considered as wide band gap semiconductors
with hexagonal crystallographic structure. These materials are considered important
for various applications including optoelectronics devices such as light-emitting
diodes (LEDs), heterostructure photovoltaic devices, sensors and high power
electronic devices [1, 2]. For example, ZnS thin film can be used as a buffer layer
for solar cell application [3] because of its better adhesion with other compound
semiconductors and high transmittance in the solar spectral region. The Zn–VI two
dimensional structures are getting attention after experimental realization of gra-
phene [4]. Along with computational investigations, there are experimental efforts
as well simultaneously to realize and harness the potential two dimensional (2D)
monolayer structures. ZnS nanosheets *11 Å are synthesized in the wurtzite phase
using hydrothermal method [5]. However, the graphene like ZnS hexagonal
monolayer is not yet realized experimentally. The theoretical studies suggest that
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ZnS may exhibit monolayer in both planner and buckled structures [6]. The ZnS
monolayer physical properties such as electronic, optical and mechanical etc. [7, 8]
are investigated using the density functional theory, but only limited studies are
available on doped ZnS monolayer [9]. Considering the same, present study aims to
investigate the effect of transition metal (TM) such as Co and Ni doping on ZnS
monolayer theoretically. The structural stability is analyzed through bond length,
bond angle, formation energy and electron difference density. The electronic
properties are considered using spin polarized generalized gradient approximation
(S-GGA) to understand the impact of TM on electronic properties of ZnS mono-
layer and magnetic properties also discussed in terms of the total and partial
magnetic moment.

9.2 Computational Details

Spin polarized generalized gradient approximation (S-GGA) with
Perdew-Burke-Ernzerhof (PBE) type parameterization is used for optimization and
computing the physical properties of ZnS monolayer, as implemented in SIESTA
code [10–12]. Norm conserving pseudopotentials of Zn, S, Ni and Co atoms are
used in a fully separable form of Kleinman and Bylander in conjunction with
double zeta double polarized basis sets. The force and stress convergence criterion
considered are 0.001 eV/Å and 0.01 eV/Å3, respectively. A large plane wave mesh
cut-off of 150Ryd is used throughout the calculation. K point sampling of
10 � 10 � 1 is considered using Monkhorst-Pack scheme [13] along x, y and
z directions, respectively for optimization and 20 � 20 � 1 used for the calculation
of ground state properties. A 75Ryd mesh cutoff is used for real space grid
sampling.

9.3 Result and Discussion

A 4 � 4 � 1 two dimensional hexagonal monolayer is considered for pristine and
TM doped ZnS material with periodic boundary conditions in x–y directions and
15 Å vacuum is considered along z direction to avoid the interactions between the
adjacent monolayers. The structural optimization of monolayer is carried out using
force and stress criteria with 0.001 eV/Å and 0.01 eV/Å3 convergence limits,
respectively. Lattice parameter and bond lengths 3.87 and 2.23 Å, respectively for
optimized pristine ZnS monolayer, which is showing graphene like planner struc-
ture, substantiating the sp2 hybridization, shown in Fig. 9.1. The results are in
agreement with Zheng et al. work [14]. The lattice parameters are relatively
insensitive to the transition metal doping, where as a significant change in the bond
length is observed. The formation energy is estimated as
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Ef ¼ EZnS:TM � EZnS þEZn � ETM

where EZnS:TM and EZnS are the total energies of transition metal doped ZnS and
pristine ZnS monolayer, respectively. EZn and ETM are the total energies of Zn atom
and transition element, respectively. The computed formation energies are −3.22
and −2.65 eV for Co and Ni doped ZnS monolayers, respectively. The relatively
larger formation energy for Co doped ZnS monolayer substantiates the stronger
bonding and stable configuration as compared to that of Ni doped ZnS monolayer.
The computed electron difference densities are summarized with respective struc-
tures, confirming the electron sharing between cations and anions causing the
formation of covalent bonds. The fractions of doped monolayer with pristine ZnS
monolayer are shown in Fig. 9.4 with respective electron difference densities for
clarity. The difference densities clearly show the strong electron sharing between
TM and neighboring S atoms. The electronegativity of Ni and Co atom found to
be *1.88 for Co and *1.91 and the relatively high electronegativity for Co is
attributed to the observed enhanced charge sharing among nearby atoms as com-
pared to that of the pristine and Ni doped ZnS.

Electronic properties of pristine ZnS monolayer are discussed through the band
structure and density of states (DOSs) calculation. The respective band structures
are plotted along the high symmetry Brillion zone (C-M-K-C) in the energy range
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of −5 to 5 eV, setting Fermi energy at 0 eV. Conduction band minima (CBM) and
valance band maxima (VBM) of pristine ZnS monolayer are located at C point and
the observed energy difference *2.8 eV, supports the direct band semiconducting
nature and consistent with Hamed et al. work [15]. We also computed the total and
partial DOSs to understand the contribution of different orbitals in band structure.
The valance band comprises of the S-p and Zn-p orbitals, which also hybridize with
each other. The similar results are also observed from the electron difference density
analysis, showing charge sharing between Zn and S atoms. The lower conduction
band states are due to Zn-s orbitals, while the higher conduction band energy states
are due to the Zn-p orbitals. The symmetrized spin up and spin down states are
confirming the nonmagnetic semiconductor behavior, in agreement with
non-magnetic character of Zn and S atoms.

Figure 9.2a reveals the optimized structure of Co doped ZnS monolayer, where
one zinc atom is replaced by a Co atom. The observed Co–S bond length is 2.15 Å,
which is small than that of the pristine Zn-S bond length. The change in the bond
length near the doped side is attributed due to the different atomic radii of the
dopant. The computed electron difference density, Fig. 9.2b, is showing that Co
atom acts as the charge accumulating center, which is shared with the nearby sulfur
atom confirming the covalent behavior between Co-S. Figure 9.2c reveals the band
structure of Co doped ZnS monolayer, illustrating that spin down states causing an
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indirect band gap of 0.32 eV while the spin up state has direct band gap of 2.35 eV
semiconductor behavior, which confirms semiconducting behavior. The reduction
and change in the band gap is observed due to the presence of excess bands in the
CBM and VBM. The total and partial DOSs are computed and shown in Fig. 9.2d,
explaining that the contribution of atomic orbitals in spin down and spin up state.
A large gap can be observed for spin up states, similar to that observed in electronic
bands, Fig. 9.2c, showing a semiconductor behavior for spin up electronic states.
The VBM and CBM of spin down states are arising due to the presence of Co-d
orbitals, while the spin up states for CBM and VBM are dominated due to the
presence of the Zn-s and Cd-d orbitals, respectively. Co-d and S-p orbital contribute
near the Fermi energy of valance band, substantiating the hybridization between
them. Asymmetric DOSs confirmed the magnetic nature of Co doped ZnS mono-
layer with the observed total magnetic moment *3lB. The local magnetic moment
of Co atom is *2.42lB and rest is attributed to S atoms around Co atom, consistent
with Juan et al. work on TM doped ZnO monolayer [16]. The above studied
electronic and magnetic properties confirm the ferromagnetic semiconductor
properties, low spin states are contributing to the observed magnetic moment.

Figure 9.3a shows the optimized structure of Ni doped ZnS monolayer and the
relaxed structure of Ni doped ZnS monolayer showed the change in bond length
around the dopant site as a result, the bond length of Ni-S is *2.18 Å which is
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smaller than pristine Zn-S bond length. Further, electron difference density is
plotted in Fig. 9.3b, showing that Ni atom is behaving similar to that of Co atom in
ZnS monolayer, as discussed above. The sharing of charge between Ni and nearby
sulfur atoms is visible from these electron difference density plots. The band
structure is plotted in Fig. 9.3c for Ni doped ZnS monolayer, showing that metallic
behavior for spin down state and insulating (or semiconducting) nature for the spin
up state with a 2.41 eV direct band gap. The computed total and partial DOS are
plotted in Fig. 9.3d, showing the contribution of spin down and spin up state in
bands formation.

These observations suggest the metallic and semiconducting behavior for spin
down and spin up states, respectively. The metallic behavior of spin down states are
due to presence of Ni-d and S-p orbitals, whereas spin up states in VBM are
dominated by Ni-d and S-p, while the CBM is dominated by Zn-s orbitals. Ni-d and
S-p orbitals contribute near the Fermi energy valance band, confirming the strong
hybridization. The observed asymmetry in the spin down and spin up states, con-
firmed the magnetic behavior of Ni doped ZnS monolayer. The total magnetic
moment is 2lB which is the sum of Ni local magnetic moment *1.42lB and sulfur
atomic contribution around the Ni atom, consistent with Juan et al. work on TM
doped ZnO monolayer [16]. The above studied electronic and magnetic properties
confirm the ferromagnetic half-metal properties for Ni doped ZnS monolayer.

Fig. 9.4 a Pristine, b Co doped, and c Ni doped ZnS monolayer fraction near dopant site and the
respective localized electron difference density plots
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Further, electron difference densities near doped transition metals in ZnS
monolayers are summarized in Fig. 9.4 together with pristine ZnS monolayer. The
relative differences in ZnS monolayer suggests that localized distribution in com-
parison to that of strong sharing in case of transition metal doped ZnS monolayers.
The sharing fraction is the maximum in case of Co doped ZnS monolayer, as shown
by broadened electron difference density near Co atom. The situation is nearly
similar for Ni doped ZnS monolayer, however there are subtle differences, causing
the distribution of 3d Ni electrons near the Fermi energy, making it half metallic, as
observed in PDOS, Fig. 9.3d. Thus, Ni doped ZnS monolayer may provide 100%
spin polarized electrons, making it suitable as spintronic material.

9.4 Conclusion

Pristine ZnS monolayer showed the charge sharing between the Zn and S atom
without any effective magnetic moment. The doping of Co gives rise to a magnetic
state, whereas doping of Ni showed a transition from non-magnetic to half-metallic
state. Further, doping has showed the reduction in bond lengths near dopant site,
with respect to that of the pristine ZnS. These studies provide an insight on
structural and electronic properties of the pristine and doped ZnS monolayers. The
nickel doped ZnS monolayer showed the half metallic behavior in contract to
magnetic semiconductor behavior for cobalt doped ZnS monolayer. These transi-
tion metal doped ZnS monolayers may be useful in realizing future spin electronic
devices.
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Chapter 10
Tuning Resonant Wavelength of Silicon
Micro-ring Resonator with Graphene

Aneesh Dash, J. Vadivukkarasi, S. K. Selvaraja and A. K. Naik

Abstract We show modulation in the resonant wavelength of Si micro-ring res-
onator with mechanically exfoliated graphene using two techniques. Using elec-
trostatic gating, we obtain *80 pm change in the wavelength. Upon reduction in
the gap between graphene and the ring, we obtain *400 pm change due to
graphene.

10.1 Introduction

Graphene exhibits strong dispersive and dissipative interaction with near-IR
wavelengths due to inter-band and intra-band electron transitions [1]. This opens up
a broad domain of applications including electro-optic modulation, switching,
wavelength-tuning, signal processing etc. With the significant advancement made
in silicon-photonics, which operates at near-IR wavelengths, on-chip integration of
graphene on silicon photonic integrated circuits has become a topic of interest.

In this paper, we present results of resonant wavelength-tuning with electrostatic
gating on graphene as well reduction of the gap between graphene and the ring.

10.2 Methods

For our experiments we use TE-supporting Si rib waveguides and micro-ring res-
onators fabricated on a silicon-on-insulator (SOI) substrate. The cross-section of the
Si core is 600 nm � 100 nm and the Si shoulders are 120 nm in thickness. The
radius of the ring is 50 lm. The operating wavelengths are close to 1310 nm.
Mechanically exfoliated graphene flakes are transferred onto the ring resonators
using a dry transfer process with a polydimethylsiloxane (PDMS) stamp.
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The scanning electron micrograph (SEM) of a Si micro-ring resonator with
graphene is shown in Fig. 10.1. The graphene flake is directly in contact with the
ring resonator, while the remainder of the ring is covered with SiO2. For electrical
gating, we use a drop of ionic liquid over graphene, similar to the experiment
presented in [2] for graphene-dielectric-silicon micro-rings. We use one of the
contact pads as ground and the top surface of the ionic liquid as gate. We then
observe the change in the resonant wavelength upon varying the gate voltage and
compare it with an identical ring resonator without graphene within the same drop
of ionic liquid.

For testing the effect of proximity of graphene to the ring resonator, we use a
different ring resonator with oxide in between graphene and the ring. We also use
an identical ring resonator without graphene for comparison. We use a wet chemical
etching process with diluted buffered hydrofluoric acid solution, with etch
rate *40 nm/min to etch the oxide over both the ring resonators. The resonant
wavelengths of both the rings are recorded after different etch durations.

10.3 Results and Discussion

10.3.1 Electrical Gating

Electrostatic gating changes the Fermi level of graphene, affecting its refractive
index and effective index of the ring [3]. Thus, the resonant wavelength of the ring
resonator changes as shown in Fig. 10.2. The red shift indicates increase in the
refractive index with increase in gate voltage before the onset of Pauli blocking,
which agrees with the theoretical model [4]. The ring with graphene shows *80
pm change over the entire range of gate voltages considered, while the change is
negligible for the ring without graphene. This is *10 times smaller than the shift
reported in [2]. But the coverage of graphene along the ring resonator in our
experiment is 7 lm, which is *20 times smaller than the coverage in case of [2].

Fig. 10.1 SEM image of
graphene on a Si micro-ring
resonator
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Because of the direct contact between graphene and the waveguide, the
resonance-shift per unit length has improved by a factor of 2. Thus, for applications
which only use a top-gate, the dielectric layer between graphene and the waveguide
can be eliminated to strengthen graphene’s interaction with the ring resonator.

10.3.2 Etching Oxide

When oxide is etched under graphene, the gap between graphene and the waveg-
uide decreases and graphene gets wrapped around the waveguide due to the iso-
tropic nature of the oxide etching. Figure 10.3 shows the comparison between the
resonant wavelength-tuning in two different ring resonators, one with graphene and
the other without. Both the resonances show blue-shift with removal of oxide, since
the index of oxide (1.45) is greater than that of air. But as graphene (index > 2)

Fig. 10.2 Effect of electrical
gating of graphene on ring
response: *80 pm change in
the resonant wavelength is
observed; inset shows
transmission response of the
two rings

Fig. 10.3 Effect of proximity
of graphene on ring response:
inset shows that *400 pm
change in the resonant
wavelength is observed due to
graphene’s contribution
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comes closer to the Si core, the resonance starts to shift to higher wavelengths. The
inset shows the normalized difference in the two responses which approximates the
contribution of graphene to the wavelength change to be *400 pm.

10.4 Conclusion

We have shown experimental evidence of resonant wavelength-tuning in silicon
micro-ring resonator with a small flake of mechanically exfoliated graphene. Using
electrical gating, we obtain a change of *80 pm and by reducing the gap between
graphene and the ring, we obtain a change of *400 pm. The experimental methods
we have chosen provide qualitative insight that graphene holds promise for
applications in on-chip optical modulation.
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Chapter 11
Effect of Diameter and Doping
on Electronic Band Structure
of Single-Walled Carbon Nanotubes

Anup Kumar Sharma and Swati Sharma

Abstract Carbon nanotubes (CNTs) are basically graphene roll-up in cylindrical
form that can have large value of length-to-diameter ratio. In this paper electrical
property such as band-gap, density of states, and energy-dependent conductance of
single walled carbon nanotubes is quantumly calculated using density functional
theory (DFT). It can be seen that band-gap of different SWCNTs changes with the
change in diameter. Density of states and energy dependent conductance is also
calculated for different single walled CNTs. It is observed that armchair carbon
nanotube band gap remain constant irrespective of the diametric size.

11.1 Introduction

In more recent history the discovery of CNTs is attributed to Iijima as the first
scientist who described the multiwalled carbon nanotubes (MWCNTs) preparation
process after a random event during the test of a new arc evaporation method for C60
carbon molecule fabrication in 1991 [1–3]. Structurally, SWCNTs can be described
as a ‘‘rolled up’’ one-atom-thick sheets of graphene (Fig. 11.1). The way in which
the graphene sheet is wrapped gives different structures of carbon nanotubes
describe by chiral vector C which is a result of a pair (n,m) of integers that corre-
spond to graphene vectors *a1 and *a2 [4, 5]. The principle of SWCNT con-
struction from a graphene sheet along the chiral vector C = na1 + ma2 is shown in
Fig. 11.1. Depending on the values of n and m three types of carbon nanotubes are
formed [6–8]. When n has any integer values and value of m is zero the nanotube
structure thus formed is called ‘‘zigzag’’. When values of n = m the nanostructure
thus formed is called ‘‘armchair’’. The third type of CNTs construction, for which
n > m > 0, is called as ‘‘chiral’’ nanotubes [9].
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11.2 Method

The most common and simplest method used for determining the electronic
structure of SWCNTs is the density functional theory (DFT). This model is best for
the case of weak overlap of atomic wave functions in an insulating crystal and
widely used in solid-state physics. According to the density functional theory
(DFT), the conducting properties of different carbon nanotube structure will depend
on the relationship between the coefficient n and m of the vector C = na1 + ma2,
which relates two crystallographic equivalent sites as shown in Fig. 11.1. It is
observed that if mod(n − m,3) = 0, 1, 2, then mod1 and mod2 are semiconducting
in nature and mod0 SWCNTs are metallic in nature at room temperature and exhibit
a small chirality dependent energy-gap. The small energy-gap corresponds to
quasi-metallic conduction at lower temperature. The energy gap has a minimum
value of zero corresponding to p = 2n/3. If n is not an integer multiple of three then
minimum value of p − 2n/3 is equal to 1/3. This suggests that the minimum energy
gap is then given by

Eg ¼
ffiffiffi

3
p

at
3

2p
na

¼ 2ac ct
dCNT

� 0:8 eV nm
dCNT

Fig. 11.1 CNT from graphene sheet along the chiral vector Ch
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The impact of B doping in pristine and doped CNT(8,0) is analysed using
density functional theory (DFT) along with non-equilibrium green function
(NEGF).

11.3 Results

The nanotube diameter, dictated through Ch, also affects the electron dispersion and
it was derived in a semiconducting nanotube, Eg ¼ 4�hvF

3dt
. The above translates

numerically to Eg ¼ 0:9
dt

eV, with a vF ¼ 106 m/s (Figs. 11.2 11.3 and 11.4).

Effect of Boron doping concentration on electronic properties

In this section the CNTs are doped with boron atoms. With variation in the number
of doped atoms, there band structures are analyzed. For this work CNT(8,0) is taken
and doped with one, two and four atoms of boron. The band structure of the
undoped CNT(8,0) is compared with that of doped nanotubes.

Our results clearly indicates that CNT(8,0) is semimetallic in nature
(Fig. 11.5a1). The corresponding density of states (DOS) plot shown in Fig. 11.5a2
completely agrees with the band structure of CNT(8,0). There is a band gap of
0.6 eV between the valence and conduction band. Carbon nanotubes electronic
properties can be altered by doping with various impurities. In this work, boron is

Fig. 11.2 i Energy band-gap plot for different chiral SWCNTs. ii Figure shows band structure of
different (n,0) zig-zag carbon nanotubes (a) (10,0) (b) (11,0) (c) (13,0) (d) (14,0). From the figure it
can be shown that the band-gap is inversely proportional to diameter of the nanotubes which is
dependent on the values of n. As value of n increases, the band-gap decreases
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taken for doping of CNT. It was clearly observed from Fig. 11.5 that Fermi level of
doped CNT(8,0) shifts downward resulting in p-type semiconducting behavior. The
energy band gap is decreased with the increase in doping atoms as evident from
band structure of undoped and doped CNT(8,0). The incorporation of boron atoms
adds additional electronic states around the Fermi level, EF. With the increase in
doping concentration number of electronic states near the Fermi level increases.

Fig. 11.3 i Figure shows band structure of different (n,n) arm-chair nanotubes (a) (2,2) (b) (3,3)
(c) (4,4) (d) (5,5). So, from the above figure it can be concluded that arm-chair nanotubes are
always metallic nanotubes. (ii) Figure shows band structure of different (n,m) chiral nanotubes for
which values of n 6¼ m, (a) for (4,1) and (b) for (4,3). So, those nanotubes for which mod((n −
m),3) = 0 are metallic nanotubes. And band-gap for which mod((n − m),3) = 1,2 i.e. case (b) are
semiconducting nanotubes
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Fig. 11.4 i Figure shows density for states of different chiral nanotubes having mod((n −
m),3) = 0. Chiral nanotubes have finite number of density of states at Fermi level are metallic
nanotubes. ii Shows energy-dependent conductance for (a) (4,1) and (b) (4,3) chiral nanotubes.
Conductance for chiral nanotube (4,3) is zero which indicate a higher value of energy-gap in this
semiconductor nanotube
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Fig. 11.5 a1 Electronic band structure of CNT(8,0), b1, c1 and d1 Electronic band structure of
doped CNT(8,0) with 1-atom of boron, 2-atoms of Boron and 4-atoms of Boron respectively. It
can be depicted from the band structure of CNT (8,0) that with the increase in doping atoms the
bandgap of CNT(8,0) decreases. a2–d2 shows the corresponding density of states of undoped and
doped CNT(8,0). These results can be used in fabrication of high speed electronics as well as
logical electronics
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11.4 Conclusion

It was observed that the density of states near the Fermi level EF increases with the
increase in doping concentration. CNTs shows potential as future material for the
development of next generation devices. The study about band gap and electronic
properties of CNTs will help in the development of high speed devices and
transistors.
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Chapter 12
Limitations of Mott-Schottky Analysis
for Organic Metal-Insulator-
Semiconductor Capacitors

Manda Prashanth Kumar, Karunakaran Logesh and Soumya Dutta

Abstract The application of Mott-Schottky (MS) relation in organic devices often
leads to erroneous results. In particular, the doping density, extracted using this
method found to vary with the thickness of semiconductor. We address the limi-
tations in using MS relationship for organic metal-insulator-semiconductor
(MIS) capacitors as a consequence of deviation from the depletion approximation.

12.1 Introduction

Metal-insulator-semiconductor capacitors are often used to understand the field
effect transistors operation. Application of the Mott-Schottky analysis to the
capacitance-voltage characteristics C–V of an MIS capacitor is a well-known
method to extract parameters like doping density NA, trap charge concentration,
fixed charge and threshold voltage. Over the decades MS analysis is standing as a
powerful tool for inorganic devices due to the fact that the semiconductor is doped
and it is long (depletion width W << ts thickness of semiconductor) hence the
depletion approximation is valid. Whereas for MIS capacitors with thin semicon-
ductor W becomes comparable to ts hence the depletion approximation fails.
Therefore the application of MS analysis to these devices leads to erroneous results
like thickness dependent doping variation. It was reported that in case of organic
devices, NA extracted using MS analysis NAMS is varying with ts [1], temperature
T and frequency f [2, 3].
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12.2 Methods

In case of organic MIS capacitors, the contact from the semiconductor is taken by
depositing a metal (cathode) on top of it. In general, the cathode metal forms
Schottky type contact with the semiconductor. The MIS capacitor simulations are
done by considering a doped (acceptor type doping) semiconductor, for different
dopant concentrations and for different Schottky barrier heights.

12.3 Results and Discussion

C–V characteristics of a classical metal-oxide-semiconductor (MOS) capacitor
(corresponds to the device structure shown in Fig. 12.1a) is shown in Fig. 12.2. The
capacitance varies from a maximum value of oxide capacitance (Cox) to a minimum
capacitance (Cmin) i.e. strong accumulation to depletion. The applied gate

Fig. 12.1 Device structure of a MOS capacitor. b MIS capacitor

Fig. 12.2 C–V characteristics
of a MOS capacitor
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voltage drops across oxide (wox) and semiconductor (ws). Hence Vg is related to wox

and ws as

Vg � Vfb ¼ wox þws; ð12:1Þ

where Vfb is the flat band voltage corresponds to the difference between the
work-function of gate and fermi level of cathode contact. The capacitance variation
with Vg is due to change in the depletion width (W) with Vg. Hence the total
capacitance is given as (MS relationship)

1
C
¼ 1

Cox
þ W

es
; ð12:2Þ

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2esws Vg
� �

qNA

s

ð12:3Þ

where es is the dielectric constant of semiconductor, NA is doping concentration.
W increases with Vg hence the capacitance decreases. However when ws becomes
equal to 2/b (12.6), the depletion width stop growing, instead the inversion charge
starts increasing near the insulator-semiconductor interface hence the capacitance
increases back to Cox as shown in Fig. 12.2. The minimum capacitance corresponds
to the maximum depletion width is given by

1
Cmin

¼ 1
Cox

þ Wmax

es
; ð12:4Þ

Wmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2es2/b

qNA

s

; ð12:5Þ

/b ¼ Vtln
NA

ni

� �

; ð12:6Þ

where ni is the intrinsic concentration of the semiconductor. Equations (12.2)–
(12.5) are formulated by assuming the semiconductor to be sufficiently thick
(ts � Wmax) so that it won’t disturb the depletion region, semiconductor is con-
ductive enough to make an ohmic contact. Hence for MIS capacitor with
non-Ohmic type cathode contact and ts comparable or less than Wmax, the appli-
cability of (12.2)–(12.5) is questionable. Apparently MIS capacitors with doped
organic semiconductor fall in this category. The following section explains the
applicability of the MS relationship for MIS capacitors with organic semiconductor
in detail.

The typical thickness of organic semiconductor used in MIS capacitor is less
than 200 nm and organic semiconductor needs a metal as cathode contact. The
cathode metal form a Schottky type contact with a barrier height of /h (/e) for
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holes (electrons) [4]. Hence by Thermionic emission process carriers get injected
into the semiconductor.

The carrier concentration near the semiconductor and cathode junction can be
given as

pd ¼ NV exp �/h

Vt

� �

; ð12:7Þ

nd ¼ NC exp �/e

Vt

� �

; ð12:8Þ

where NC(NV) is the effective density of states for electrons (holes) and Vt is the
thermal voltage. TCAD simulations are done by considering a 25 nm thick organic
semiconductor (p-type doped) having a bandgap (Eg) of 2 eV. The hole concen-
tration profile (p(x)) within the semiconductor is compared for different injection
barriers at Vg = 0 as shown in Fig. 12.3. The magnitude of hole charge is increasing
with decrease in barrier [according to (12.7)] showing the effect of Schottky con-
tact. Moreover the charge from Schottky contact swamps the effect of doping
concentration.

Change in the magnitude of p(x) with /h is directly reflected into transition
region of C–V characteristics as shown in Fig. 12.4, with negligible change in Cmax,
Cmin. However the slope of the capacitance in the transition region changes with /h

and it is reflected in the extracted (by applying MS relationship) doping concen-
tration (NAMS) as shown in the inset of Fig. 12.4. NAMS over estimates the actual
doping concentration by orders of magnitude.

We extended our study to various doping concentration for a MIS capacitor with
ts = 50 nm. Fig. 12.5 compares the extracted NAMS with the actual doping con-
centration NA used for the simulation for different /h. NAMS underestimates (by two
orders of magnitude) the actual doping for NA < 5 � 1016 cm−3. In addition in this
regime NAMS increases with a decrease in Schottky barrier hence MS relation

Fig. 12.3 Variation of p
(x) within the semiconductor
for different /h with
Vg = 0 V, NA = 1015 cm−3
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cannot be used in this regime. In case of experimentally fabricated organic devices,
NAMS is of the order of 10

16 cm−3, which apparently falls in the regime where MS is
not valid. From the inset of Figs. 12.4 and 12.5 it is important to note the extracted
NAMS for NA < 1015 cm−3 changes with frequency and with the thickness of
semiconductor.

12.4 Conclusion

The limitations of MS analysis for organic devices are discussed with the help of
TCAD simulation results. The importance of considering Schottky type of contact
at semiconductor side is explained.

Fig. 12.4 C–V characteristics
of MIS capacitor for different
/h with ti = 272 nm, ei = 4.5,
ts = 50 nm, es = 3.3,
LUMO = 3 eV, Vfb = 0 V,
f = 1 Hz and NA = 1015 cm−3

Fig. 12.5 Comparison
between extracted doping
concentration and the actual
doping concentration (TCAD
simulation results) for a MIS
capacitor with ts = 50 nm and
f = kHz
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Chapter 13
Study on the Conventional Versus
Photonic (IPL) Sintering of Copper
Nanoparticle (Cu NPs) Inks on Different
Flexible Substrates

Svetlana P. Jose, Piyush Kumar, Chinmay Bapat, Ashish Gupta,
Juliane Tripathi, Monica Katiyar and Y. N. Mohapatra

Abstract In General, flexible substrates can only with stand a very low tempera-
ture. High processing time on conventional sintering methods can deteriorate the
substrate. Photonic sintering uses intense pulsed light with a broad spectrum in the
visible range to sinter metal precursor inks in a selective manner (Perelaer and
Schuber in Mater Res Soc 28:564–573, 2013 [1]). Intense Pulsed light sintering is
the process of sintering conductive inks and thin films in milliseconds (processing
time) without heating the underlying substrate. Inexpensive substrates can be
thermally processed without extending the processing time. According to the end
use, the conductivity values are optimized. Since this process cures thin films at
high temperature on low temperature substrate it is a good option for polymers,
papers and glass substrates (substrate variability). Improved conductive perfor-
mance is achieved through this process.

13.1 Introduction

In this paper we discuss how different sintering methods affect the conductivity of
Cu NP films and the morphological study of the sintered films. The comparison of
conventional sintering and photonic sintering of screen printable copper ink and
optimization of the sintering parameters is discussed here. Metal nanoparticle inks
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are widely used due to its low melting point and unique properties. Low temper-
ature materials tend to have low thermal conductivity. This high temperature curing
process (IPL) has a great advantage over the low temperature substrates. This
method does not heat both the wet film and the substrate to uniform elevated
temperatures [1]. Most of the copper nanoparticle are covered with oxide shell and
cannot be sintered thermally under an ambient condition. IPL sintering has greater
advantage because of high throughput, low complexity and environmental com-
patibility [3, 4]. As the substrate is sintered only to a very short time. e.g.
microseconds (µs). IPL sintering does not solely depend on the amount of the light
absorbed by each nanoparticle, it depends on the heat transfer between nanoparti-
cles, intensity, thickness and pattern of the image.

The sintering process of the nanoparticle can be categorized into four different
stages. (i) Activation of the Cu nanoparticle (ii) neck formation (iii) densification
and (iv) coarsening of the nanoparticle. Temperature is one of the prevailing
thermodynamic variables of sintering conditions [5]. At higher temperature sin-
tering enhances densification rate.

Here we focus on three types of substrates (PET-polyethylene terephthalate,
PI-polyimide and paper) (Table 13.1). Conventional sintering methods used here
are hotplate, vacuum oven and oven (Fig. 13.1). Various challenges were observed
like delamination, surface damage, surface roughness, crack formation, burning of
the layers and edge effects (Fig. 13.3). Further electrical characteristics and optical
characteristics were studied (Fig. 13.2; Table 13.2).

13.2 Results

The size of copper particle is between 400 and 600 nm capped with the polymer.
In-order to make the conductive pattern with the copper ink, the sintering process is
required to remove the organic present between the particles. The sintering process
involves the thermal energy, which initiate the melting of copper of particle to make
it conducting as well as remove the organics between the particles. Melting of
copper to make it conducting required approximately 250–350 °C of temperature
[4]. Please note that the substrate in use is PET and paper which deforms above

Table 13.1 Flexible
substrates used in the
experiments

Substrates Thickness (µm)

Polyethylene terephthalate (PET) 170

Polyethylene terephthalate (PET) 250

Polyethylene terephthalate (PET) 290

Polyethylene terephthalate (PET) 300

Polyimide (PI) 180

Gloss paper 150

Matt paper 100
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150–160 °C. IPL (intense photon light) is a better alternative for sintering for the
substrate which sustain lower temperature. In IPL, photon absorbed by the material
which increase the local temperature of material, process leads to melting of copper.
And at the same time substrate remain unaffected during the process.

The XRD pattern of copper nanoparticles showed that Cu/protective agent
developed are phase-pure copper without any impurity phases, such as Cu2O, CuO,
or Cu(OH)2. The sharp and strong peaks also reveal that the produced nanoparticle
ink is highly crystalline.

The ink used for the pattern is prepared in-house and without catalyst. The first
absorption peak is around 280 nm, corresponding to the oxidized product of acid.
The second absorption peak is around 634 nm corresponding to copper nanopar-
ticles. The screen printer used for the experiment is semi-automatic printed from

Fig. 13.1 Thermal simulation of the photonic curing process (2500 µs, 2.12 J/cm2) for 4.5 lm
thick copper screen printed film on 170 lm thick PET

Fig. 13.2 SEM images of copper nanoparticle film in as-dried condition (top view) a unsintered,
b sintered on PET and c sintered on PI
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Unitech. Uniform thickness is achieved easily when compared to manual screen
printer. The squeegee hardness used is of 75ShA. The mesh used to print is 40 lpi.

Different flexible substrates were used for the experiment. Patterned size of
copper film on substrate is of 25 mm � 3 mm. Pulse Forge 1200 from Novacentrix
were used for IPL sintering.

Sintering induces photo thermal heat of Cu NP’s. The heating steps used in this
experiment are two steps. Pre-heating at 80 °C to eliminate the solvents from the
ink and IPL sintering to improve the neck growth.

There are various parameters affecting the IPL sintering. Sintering conditions
like energy (temperature), time (pulse duration), atmosphere (room temperature,
nitrogen, oxygen…) and cooling time and thermal conductivity, thickness and
spectral absorption of the substrate is studied here [2]. The distance between

Fig. 13.3 Delamination observed on a glossy paper, b PET 250 µm thickness at 2.12 J/cm2,
2500 µs pulse duration

Table 13.2 IPL Sintering parameters and electrical characterization

Substrates Resistance (X) Std deviation Energy
(J/cm2)

Pulse
duration (µs)

Bank
voltage (V)

PET (170) 3.54 0.21 2.12 2500 290

Paper Matt 10.18 0.91 2.12 2500 290

Paper Glossy Complete
delamination

2.12 2500 290

PET (250) Delamination 2.12 2500 290

PI No change 2.12 2500 290
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substrate and lamp were kept constant at 7 mm. Distance defines the optimum
utilization of light energy from the lamp. Smaller the distance higher the absorption.

The maximum temperature of the Cu nanoparticle ink obtained from the sim-
ulation software is of 250 °C (Fig. 13.1). The samples were pre-dried at 80 °C on
precision hotplate. The comparison of IPL sintering was done with conventional
methods like precision hotplate, oven, and vacuum oven. No conductivity was
achieved with conventional methods, since longer processing time damaged the
substrate. IPL sintering was the most convenient and only possible sintering method
among the chosen sintering methods.

An optimal electrical resistivity of 1.005 � 10−4 X cm is achieved. The copper
nanoparticles could be considered as a cheap material compared to silver
nanoparticles and higher conductivity was obtained using photonic sintering for
further application in the field of flexible electronics.

As the energy goes higher, conductivity also gets higher. Higher the energy,
defects were also observed. Optimum energy and pulse duration is required for a
homogeneous defect free copper lines.

For lower energy sintering, the films were not sintered efficiently, and the
resistance obtained was quite high. The neckline junctions among the copper
nanoparticles was formed uniformly at higher energy with lower pulse duration.
The densification and grain growth of the Cu Nano particles is shown in Fig. 13.2.
Various stages of delamination are observed depending on the variability of
substrates.

Higher the line width, greater the resistivity. Still as the energy increases the
resistivity values showed higher fluctuations (Fig. 13.4).

Figure 13.5 shows highest resistance was for PET300 and lowest was observed
for PET170. For other substrates like glossy paper and PET250, no resistance was
obtained due to delamination and crack formation.
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Fig. 13.4 Resistivity versus
energy for different line
widths
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13.3 Conclusion

The effect of energy density and pulse duration on IPL sintering was investigated in
this paper. We found that higher the sintering energy, helps in the reduction of the
protective shell and sinter the copper nanoparticle efficiently.

The results show that conductivity was obtained only for the IPL sintering
compared to conventional sintering methods for the ink used. Various defects were
observed in the film like delamination and burning of samples. The deviations in the
sintering may be due to influence of the material properties (thermal conductivity,
reflection, energy) and ink characteristics (solvent, nanoparticle size and shape,
concentration, organic compounds). Since the screen-printed film is thicker (in
microns) compared to other methods of printed films, the solvent vapor has to pass
through the thickness, which provides high tortuosity than Nano metric particles.

The different substrates showed different sintering behavior. This method can be
incorporated with roll to roll technology due to its greater advantages over other
conventional methods.
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Chapter 14
GO Nanosheets for Solar Assisted Dye
Degradation in Aqueous Solution

Mahima Sharma, Kannikka Behl, Subhasha Nigam and Monika Joshi

Abstract Present work reports on the synthesis, characterization and photocatalytic
activity of graphene oxide (GO). Recent studies have indicated GO to be a potential
candidate for the treatment of textile wastewater. Here, GO was synthesized using
solo-thermal method. Characterization of GO was performed using X-Ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM). The photocatalytic activity of GO was investigated for
the degradation of the textile dye Methylene blue (MeB) under visible light. The
result showed GO nanosheets exhibited 79% photocatalytic activity. The study
suggested that GO nanosheets may be an excellent material for the treatment of
wastewater for environment applications.
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14.1 Introduction

Global industrialization and urbanization has brought an elevation in the discharge
of copious amount of noxious xenobiotic and mutagenic compounds in the aqueous
ecosystem [1]. The discharge of textile dyes into water bodies would cause envi-
ronmental pollution and several health problems. Most of the textile dyes have
complicated constitution, low biodegradability and high chemical stability in water
[2]. These dyes are hard to treat as most of them are composed of recalcitrant
molecules and their color is perceived to be highly toxic and undesirable even in
very low concentration.

Methylene blue (MeB), a blue colored organic compound, is commonly used by
the cotton, wool and silk dyeing industries. This dye may cause permanent burns to
the eyes in humans and animals, with various side-effects including nausea, dizzi-
ness, abdominal pain, stomach cramps, mental confusion and methemoglobinemia.
Therefore, the removal of MeB is a vital prerequisite to protect the environment [3].

Over the last few years GO has received remarkable attention due to its large
specific surface area, good electrical and thermal conduction. The presence of
several different reactive functional groups such as hydroxyl, carboxyl, and car-
bonyl along with various epoxide groups and a larger adsorption capacity empower
it to portray significant applications in wastewater treatment and other environ-
mental applications [4]. In this present work, the adsorption capacity of GO
nanosheets was examined for the degradation of MeB dye.

14.2 Experimental

14.2.1 Materials

Analytical grade potassium permanganate (KMnO4), graphite powder, sodium nitrate
(NaNO3), sulphuric acid (H2SO4), hydrogen peroxide (H2O2), hydrochloric acid
(HCl) and methylene blue (MeB), were obtained from Merck and used as received. In
the procedure, all aqueous solutions were prepared with deionized water.

14.2.2 Synthesis of Grapheme Oxide Nanosheets

Hummer’s method [5] was used to synthesize GO nanosheets. GO nanosheets were
prepared by stirring of graphite powder (3.0 g) and sodium nitrate (NaNO3) (1.5 g)
in sulphuric acid (69 mL). The solution was cooled at 0 °C using an ice-bath.
Potassium permanganate (KMnO4) (9.0 g) was added gradually in the suspension
to avoid exothermic reaction and maintain temperature 20 °C. The suspension was
warmed up to 35 °C for 30 min under constant stirring. After 30 min deionized
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water (138 mL) was added to the reaction mixture leading to an exothermic reac-
tion and rise in the temperature up to 98 °C. After maintaining this for 15 min, the
suspension was forwarded for water bath for 10 min. Then deionized water
(420 mL) was added to the reaction mixture following with 30% hydrogen per-
oxide (H2O2). The final suspension was purified several times using deionized
water and ethanol by centrifugation. The obtained gray colour pellets were dried.

14.2.3 Characterization and Analysis

Surface morphology of the GO nanosheets was analyzed using scanning electron
microscopy (SEM) (ZEISS) with the accelerated voltage of 10 kV. The crystalline
phase structure of the synthesized GO nanosheets was studied using X-Ray
Diffraction (XRD) technique, which XRD was performed on a Bruker D2 Phaser
X-ray diffractometer with monochromatized Cu-Ka radiation (k = 1.5418 Å.
Fourier Transform Infrared Spectrum (FTIR) was measured (Excalibur Series FTS
3000 spectrometer) in the range of 400–4000 cm−1 to identify the functional groups
present in GO nanosheets.

14.2.4 Photocatalytic Activity

Briefly, 0.01 gm GO was suspended in MeB dye solution (100 mL, 30 ppm). Prior
to its irradiation, the suspension was stirred in the dark for 30 min to attain an
adsorption-desorption equilibrium. During its solar light irradiation, 4 mL of the
sample suspensions were taken out at regular time intervals and separated by
centrifugation. The supernatant was analyzed by recording variations of the
absorption band maximum (660 nm) in the UV-vis spectra of MeB, using a UV-vis
spectrophotometer (UV 2100, Shimadzu). The removal efficiency (η) of the
adsorbent was calculated using the following equation:

g% ¼ ðC0 � CtÞ
C0

� 100

where, C0 and Ct are the initial and final concentration of the dye respectively.

14.3 Results

Figure 14.1 shows the XRD pattern for the GO nanosheets recorded at diffraction
angle in the range 5°–80°. A sharp intense peak centred at around 2h = 10.5° was
observed, indicating (002) crystalline nature of GO. The appearance of other
smaller peaks indicates the presence of graphite in low quantity.
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SEM image of synthesized GO nanosheets were demonstrated in Fig. 14.2. The
image revealed that the GO sheets are several micrometers in size, additionaly an
ultra-thin feature of GO with wrinkles, suggesting the intimate proximity of a few
layers of GO, leading to the formation of an interlinked structure.

Fig. 14.1 XRD spectra of GO nanosheets

Fig. 14.2 SEM image of GO nanosheets
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FTIR analysis was employed to investigate the presence of functional groups of
the GO nanosheets. Figure 14.3. shows the FTIR spectrum of the GO nanosheets.
The presence of significant peaks at 3410 cm−1 (O–H stretching vibrations),
1740 cm−1 (C=O stretching vibrations), 1610 cm−1 (unoxidized graphitic skeletal
vibrations), 1175 cm−1 (epoxy C–O vibrations) and 1028 cm−1 (alkoxy C–O
stretching vibration) confirms that the synthesized graphene oxide (GO) nanosheets
have abundant number of oxygen-containing groups.

The photocatalytic activity of GO nanosheets was assessed by monitoring the
decolorization process of MeB under solar light. The photo degradation efficiency
was calculated using relative concentration of dye as a function of time. As shown
in Fig. 14.4, the absence of the photocatalyst has no effect on the degradation of
MeB dye. However, 79% of dye was degraded in the presence of GO within
100 min.

Fig. 14.3 FTIR spectra of
GO nanosheets

Fig. 14.4 Photocatalytic
activity of MeB in solar light
with and without GO catalyst
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The result showed a good linear relationship, suggesting that the degradation of
MeB dye can be described using the first-order Langmuir-Hinshelwood mechanism,
which states:

�ln Ct=C0ð Þð Þ ¼ kt

where, ‘C0’ is the initial concentration of the dye (MeB), ‘Ct’ is the concentration of
the dye as a function of photo degradation time (t) and ‘k’ is the rate constant. From
the Fig. 14.5, the rate constant ‘k’ for GO nanosheets was evaluated to be
0.102 min−1.

Thus, it was found that the given material is highly applicable for the removal of
MeB dye under solar light conditions.

14.4 Conclusion

GO nanosheets was successfully synthesized by modified Hummers method for
water treatment applications. The different characterization techniques, such as
XRD, FTIR and SEM confirmed the successful formation of GO nanosheets.
Photocatalytic activities of GO nanosheets suggested that GO nanosheets could be
used for removal of organic pollutants in water under solar light. The kinetic study
showed that ‘k’ value of Langmuir-Hinshelwood equation, for GO nanosheets was
0.102 min−1. GO possesses excellent adsorption, which could facilitate effective
pollutant filter for textile wastewater treatment.
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Fig. 14.5 First-order kinetic
model for the degradation of
MeB dye
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Chapter 15
Resonant and Non-resonant Solutions
of the Non-linear Vibration of SWCNTs
Embedded in Viscous Elastic Matrix
Using KBM Method

Monika Tyagi, Ayub Khan, Mushahid Husain and Samina Husain

Abstract The vibrational analysis of single wall carbon nanotube embedded in
viscous elastic matrix has been investigated. The Euler Bernoulli model of
non-local continuum theory is used and theoretical dynamic response under para-
metric excitation is studied. The resonant and non-resonant solutions in the
response are analytically studied using Krylov Bogoliubov and Mitropolsky
method.

15.1 Introduction

Carbon nanostructures especially carbon nanotubes (CNTs) [1] have been exten-
sively studied to comprehend their mechanical, electrical, electronic and chemical
properties. Due to their exceptional and exclusive physical properties like high
mechanical strength, high flexibility, enhanced electrical conductivity and high
aspect ratio CNTs are seen to have great potential for nano electronics and nano
electromechanical systems. The investigation of these properties has been done
using various experimental techniques over more than period of decade.

Experimental methods are either quite formidable and expensive or limited due
to constraints in the experiments. Approach of mathematical modelling the
nanostructure has occupied a major area in modern research. In mathematical
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modeling the physical system under consideration is described by the means of
mathematical expressions. The effect of the variables in the expression of the
physical system can then be deduced mathematically.

Continuum modeling which is relatively less computationally expensive is used
for analyzing carbon nanotubes of large scale systems. It has two approaches:
classical (or local) theory and non-local theory. Local continuum theory does not
admit the intrinsic size dependence in elastic solutions of inclusions and homo-
geneities. But at nanolength scales the size effects become prominent. At such
scales the micro structure of the material, such as the lattice spacing between
individual atoms, become increasingly important. Material properties at nano scale
are size dependent and thus the small length scale effect should be considered for
better prediction of properties of nano-materials. Then in 1976; 1983 Eringen [2]
proposed the nonlocal continuum theory also called nonlocal elasticity theory to
account for the scale effect in elasticity.

The simplicity of continuum models has inspired a great deal of work on
mechanical behavior of CNT and such models used for understanding the
mechanical properties of material were called Continuum Mechanics. Continuum
mechanics have been recently used in explanation of various mechanical phe-
nomena in nanostructures such as bending, buckling, free vibration and wave
propagation [3].

Our work focuses mainly on study of dynamic analysis of free vibrations in
CNTs. The vibration analysis of nanotubes is very significant in study of
mechanical behavior of CNTs. Owing to the small scale of CNTs and their
applications in the sensitive devices like sensors, high frequency oscillators and
other nano-scale devices the study of vibrational analysis becomes very important.
Quite a few investigations on linear vibrations of CNTs have been already done
using various models in recent year. There is scope of lot of research in the area of
nonlinear problems for carbon nanotubes and thus study of nonlinear vibration has
become of the quite emerging theme for research.

The research paper thus focuses on finding resonant and non-resonant solutions
of nonlinear vibrations for the CNTs embedded in viscous elastic matrix under the
external parametric excitation. By the nonlocal continuum theory and the Krylov
Bogoliubov and Mitropolsky method, the principle parametric resonance is anal-
ysed. This work is expected to be helpful for the design and analysis of the nano
scaled structures.

15.2 Model and Equations

Euler-Bernoulli beam model: Euler-Bernoulli beam theory is the simplest beam
theory. CNT’s are slender tube like hollow structures with high aspect ratios. CNT
behaves like a beam during motions, in which central axis of beam deforms side-
ways. The Hooke’s law for CNT giving relation between stress and strain for one
dimensional state can be expressed as:
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r xð Þ � e0að Þ2d2r xð Þ=dx2 ¼ Ee xð Þ

where E is the young’s modulus of material.
This paper uses Euler Bernoulli beam model of nonlocal continuum theory [4].

The carbon nanotube as shown in Fig. 15.1 is subjected to parametric excitation
with harmonic frequency Ω. The length of carbon nanotube is L, q is the mass
density of the material, A is the cross sectional area of the beam. The elastic
stiffness and damping coefficient of the matrix are kw and µ. On subjection of
parametric excitation in x direction the deformation occurs along z axis and the
displacement is denoted by w (Fig. 15.1).

The nonlinear vibration equation for the nanotube under the axial parametric
load is [5]
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The equation is expressed as below using normalizing relations

s ¼ X
2
t; W ¼ ra ¼ x; r ¼

ffiffiffi
I
A

r

We get

€xþx2
nx ¼ �e g1 _x� e g2x

3 þ �g3x cos 2s ð15:2Þ

Fig. 15.1 CNT model based on continuum theory depicting nanotube embedded in viscous
elastic matrix
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where e is the perturbation parameter and

x2
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For elastic motion, e � 0 then the (15.2) will become

€xþx2
nx � 0 ð15:3Þ

15.3 Asymptotic Krylov Bogoliubov
and Mitropolsky Method

The Asymptotic KBM [6] method is developed with the principle that the suc-
cessive approximations are developed by a recursive procedure for a fixed number
of terms n and for � ! 0. This permits the user to determine the accuracy of the
approximation to any desired degree Oð�nÞ. The KBM method is an approach to
find the existence and stability of nearly linear differential equation. The analytical
study of resonant and non-resonant solutions of nonlinear vibrations depicted by
(15.2) done using KBM method are shown below.

15.3.1 Non-resonant Solution

The generating solution of (15.3) is given by x ¼ a cos w andw ¼ xnsþ h, where
amplitude a and phase h are to be determined by initial conditions. By using KBM
method the solution of (15.2) is obtained in the form of

x ¼ a cos wþ eu1 a;wð Þþ e2u2 a;wð Þþ � � �
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where a and w are determined by the differential equations

da
ds

¼ eA1ðaÞþ e2A2ðaÞþ � � �
dw
ds

¼ xn þ eB1ðaÞþ e2B2ðaÞþ � � �

Using above assumptions the left hand side of the (15.2) becomes
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Using the above assumptions the right hand side of the (15.2) becomes
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Equating the coefficients of cosw and sinw in (15.4) to zero in order to eliminate
resonant terms, we have

A1 ¼ B1 ¼ 0

Therefore (15.4) can be written as

x2
n
@2u1
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2x2
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Putting A1;B1 and u1 in (15.5)
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Again equating the coefficients of cos w and sin w to zero we have

A2 ¼ B2 ¼ 0

This leads to further equation reducing to

x2
n
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� 2a2g2u1 cos2 wþ g2u1 cos2 wþ g3u1 cos 2s

Therefore after 1st order of approximation the solutions are

x ¼ a cosw
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ds

¼ 0

dw
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¼ xn

94 M. Tyagi et al.



And in 2nd order of approximation the solutions are

x ¼ a cos wþ e
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2xn

w sinwþ a3g2
32x2
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8x2
n
w sinw

ag3
2x2
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da
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¼ 0

dw
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¼ xn

15.3.2 Resonant Solution

In this section we study the behavior of the dynamical system in the neighborhood
of the resonance by using KBM method. For e ¼ 0 the generating solution of
equation is given by

x ¼ a cos w; w ¼ s
k
þ h

By using KBM method the solution of (15.2) is obtained in the form of

x ¼ a cos wþ eu1 a;wð Þþ e2u2 a;wð Þþ � � �

where amplitude a and phase angle h are determined by the following equations

da
ds

¼ eA1 a; hð Þ
dh
ds

¼ xn � 1
k
þ eB1 a; hð Þ

dw
ds

¼ xn þ eB1 a; hð Þ

where A1 a; hð Þ; B1 a; hð Þ are particular solutions with respect to h
Differentiating with respect to s

_x ¼ �axn sin wþ e A1 cos w� aB1 sin wð Þ ð15:6Þ
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Differentiating again with respect to s
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Substituting €x and x we get

e xn � 1
k

� �
@A1

@h
� 2axnB1

	 

cos w� a xn � 1

k

� �
@B1

@h
� 2xnA1

	 

sinw

� �

þ e2 A1
@A1

@a
þB1

@A1

@h
� aB2

1

� �	 

cos w� a A1

@B1

@a
þB1

@B1

@h
þ 2A1B1

� �	 

sin w

� �
¼ �e g1 �axn sin wþ e A1 cosw� aB1 sin wð Þð Þ � e g2ða cos wÞ3
þ �g3a cos w cos 2 s

ð15:8Þ

Solving and comparing coefficients of e on both the sides

xn � 1
k

� �
@A1

@h
� 2axnB1

	 

cosw� a xn � 1

k

� �
@B1

@h
� 2xnA1

	 

sinw

¼ g1axn sinw� � g2a
3 cos3 wþ �g3a cosw cos 2s

xn � 1
k

� �
@A1

@h
� 2axnB1

	 

cosw� a xn � 1

k

� �
@B1

@h
� 2xnA1

	 

sinw

¼ g1axn sinw� g2a
3 cos3 wþ eg3a cosw cos 2k w� hð Þ

xn � 1
k

� �
@A1

@h
� 2axnB1

	 

cosw� a xn � 1

k

� �
@B1

@h
� 2xnA1

	 

sinw

¼ g1axn sinw� 1
4
g2a

3 cos 3w� 3
4
a3g2 cosw

þ ag3
cos 1� 2kð Þwþ cos 1þ 2kð Þw

2
cos 2kh

�

þ sin 1þ 2kð Þwþ sin 1� 2kð Þw
2

sin 2kh
�
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Comparing coefficients of sinw and cosw for k = 1 we get

xn � 1ð Þ @A1

@h
� 2axnB1

	 

¼ � 3

4
a3g2 þ

ag3 cos 2h
2

ð15:9Þ

a xn � 1ð Þ @B1

@h
� 2xnA1

	 

¼ �g1axn þ ag3 sin 2h

2
ð15:10Þ

On solving (15.9) and (15.10) we get

B1 a; hð Þ ¼ 3a2g2
8xn

þ 2xn � 1ð Þ
4 2xn � xn � 1ð Þ2
� � g3 cos 2h

A1 a; hð Þ ¼ g1a
2

� 2xn � 1ð Þ xn � 1ð Þþ 1ð Þa
4xn 2xn � xn � 1ð Þ2

� � g3 sin 2h

Therefore after 1st order solutions by KBM method

x ¼ a cosw

da
ds

¼ e
g1a
2

� 2xn � 1ð Þ xn � 1ð Þþ 1ð Þa
4xn 2xn � xn � 1ð Þ2

� � g3 sin 2h

0
@

1
A

dh
ds

¼ xn � 1þ e
3a2g2
8xn

þ 2xn � 1ð Þ
4 2xn � xn � 1ð Þ2
� � g3 cos 2h

0
@

1
A

dw
ds

¼ xn þ e
3a2g2
8xn

þ 2xn � 1ð Þ
4 2xn � xn � 1ð Þ2
� � g3 cos 2h

0
@

1
A

15.4 Conclusion

The analysis of the non-resonant case amplitudes of nonlinear oscillations is per-
formed till 2nd order of approximation. During investigation it is observed that in
the non-resonant response the amplitude remains constant up-to 2nd order of
approximation. The solution in the 2nd order approximation indicates the phe-
nomenon of resonance. The analysis of the resonant case amplitudes of nonlinear
oscillations is performed for 1st order of approximation. These solutions of resonant
cases can be used to find the chaotic behavior in the carbon nanotubes.
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Chapter 16
Broadband Photodetector with Lateral
n-rGO/p+Si Heterojunction

Manjri Singh, Gaurav Kumar, Nisha Prakash, Suraj P. Khanna,
Prabir Pal and Surinder P. Singh

Abstract We have fabricated metal-free hybrid photodetectors with broadband
detection capability, ranging from ultraviolet, visible to near infrared region uti-
lizing 2-dimensional (2-D) reduced graphene oxide (rGO) layered structure and
conventional silicon (Si) semiconductor. The fabricated device demonstrated peak
responsivity of 2.73 A/W and detectivity of 1.1 � 1012 Jones and EQE of *407%
under 830 nm illumination at 1 V applied bias. The device shows excellent pho-
toswitching behavior under low light conditions and thus suitable for designing
low-power optoelectronic systems that are important for many military applications
such as directed energy weapons, hand-held warfare agent detection, night vision
and data communication.
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16.1 Introduction

THE advances in optoelectronics have played a crucial role in strategic areas by
providing sophisticated and intelligent systems/gadgets [1]. Photodetectors
(PD) have attracted attention from the materials/electronic engineering community.
Broadband detection capability of photodetectors, ranging from UV-Visible to near
infrared region is need of the hour for variety of military-electronic gadgets such as
hand-held warfare agent detection, directed energy weapons, night vision, fiber
optic communication and data transfer [1, 2]. Different types of materials and
geometries have been studied in this regard. In designing a photodetector with
enhanced desired performance, material plays pivotal role. Recently, the layered
2-D (van der Waals) materials such as graphene, rGO, MoS2, WSe2, h-BN etc. [3,
4] have attracted a great deal of interest to revolutionize the semiconductor tech-
nology specifically in photodetector applications due to their broad range bandgap
engineering capability and vertical conducting pathways for photogenerated carrier
separation and transport [5]. The rGO extraordinarily provides control to tailor its
optoelectronic properties by changing its processing parameters [6].

Capitalizing on the aforementioned facts, we have synthesized large bandgap n-
type rGO for fabricating lateral n-rGO/p+-silicon (Si) heterojunction PD demon-
strating enhanced photoresponse over a broad spectral range. In our device, rGO
serves the purpose of semi-transparent, anti-reflecting, and transport layer. The
device takes advantage of bandgap and trap states originating from the rGO along
with the energy offsets between the rGO and p+-Si, and results into unbalanced
transport of photocarriers, thereby enhancing the overall device performance with
an external quantum efficiency (EQE) of 407%, which is highest observed for
graphene/rGO-based PDs, till date to the extent of our knowledge.

16.2 Materials and Methods

16.2.1 Synthesis of Graphene Oxide (GO) Nanosheets

Highly exfoliated GO sheets were prepared by modified Hummers’method [7], using
oxidizing graphite powder with strong oxidants like mixture of NaNO3 and KMnO4

in H2SO4 followed by low temperature vacuum drying process, using lyophilizer to
obtain dried nano-sized sheets [8]. The morphology of the GO nanosheets was
imaged through a field emission scanning electron microscope, (FESEM; Zeiss Supra
40VP) and high resolution transmission electron microscope(HRTEM; Tecnai G2
F30 STWIN). FESEM micrograph of GO nanosheets is shown in Fig. 16.1a.

100 M. Singh et al.



Figure revealed the transparent aggregated arrangement of transparent nanosheets
exhibiting wrinkled paper like morphology. The TEM image, shown in Fig. 16.1b
depicts the presence of transparent ultra-thin sheet of GO.

16.2.2 Device Fabrication

The rGO based lateral heterojunction PDs were then fabricated on pre-cleaned,
highly doped p+-type Si substrates (5 mm � 5 mm; native oxide) by drop casting
10 µL aqueous suspension (1 mg/mL in DI-water) of GO nanosheets to form
nominally symmetric parallel pads of *150 nm thickness, as shown in Fig. 16.2
[9]. The fabricated device was then annealed at 300 °C under ambient conditions.
The annealed GO converted to rGO and exhibits n-type behaviour, as revealed by
Hall measurements. The electrical connections through copper wires were made
using silver paint point contacts.

Fig. 16.1 a FESEM and b HRTEM image of GO nanosheets

Fig. 16.2 Schematic of lateral n-rGO/p+ Si heterojunction PD

16 Broadband Photodetector with Lateral n-rGO/p+Si Heterojunction 101



16.3 Results

The optoelectronic properties of the n-rGO/p+-Si heterojunction based device were
studied by measuring the current-voltage (I−V) characteristics with and without
illumination. Figure 16.3a shows I−V characteristics of the device under dark and
illumination with a wavelength of 830 nm (power density of 11 µW/cm2).
Fig. 16.3a: inset illustrates the schematic of the device with an effective active
illuminated area (a) of *11.34 mm2 out of total area of 25 mm2. Figure 16.3b
shows the photoresponse of the device under different illumination of 350 nm
(18 µW/cm2), 650 nm (49 µW/cm2), 830 nm (11 µW/cm2), 950 nm (16 µW/cm2)
and 1100 nm (13 µW/cm2), indicating fast response and recovery speed.

The IDark, ILight and Iph have been further used to obtain device performance
parameters i.e. responsivity (Rk), detectivity (D*) and external quantum efficiency
(EQE) using:

Rk ¼ Iph=Pin:a ð16:1Þ

D� ¼ Rk
ffiffiffi

a
p

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2eIDarkð Þ
p

ð16:2Þ

EQE ¼ hcRk=ek ð16:3Þ

The calculated values of Rk, D* and EQE were 2.73 A/W, 1.11 � 1012 Jones
and 407%, respectively, at 830 nm illumination (11 lW/cm2) and 1 V applied bias,
shown in Fig. 16.4a and b. The high EQE (>100%) over the broad spectral range
may be attributed to unbalanced photocarrier transfer in the proposed device
geometry [10].

Fig. 16.3 a I−V characteristic of the fabricated rGO/p-Si PD under 830 nm illumination (inset:
schematic of rGO/p-Si PD) and b photoresponse of the device at 1 V bias under different
illumination
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16.4 Conclusion

The present study demonstrates the development of cost effective hetero junction
PD operable under low light conditions. The device exhibits adequate performance
over a broad spectral range with peak responsivity in NIR region. This may be
helpful in designing night vision camera, motion detector, directed energy weapons,
hand-held warfare agent detection and for data communication. The study provides
insight into developing an efficient rGO based PD compatible with the existing Si
technology.
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Chapter 17
Role of MoS2 on the Electrical
and Thermoelectric Properties
of Bi2Te3 and Sb2Te3 Alloys

Mujeeb Ahmad, Deepak Varandani and B. R. Mehta

Abstract The effect of presence of MoS2 on the electrical and thermal conductivity
of Bi2Te3 and Sb2Te3 has been studied. MoS2 nanoflake were observed to be
randomly dispersed in the nanocomposite samples. The electrical conductivity of
Sb2Te3:MoS2 was observed to be higher as compared to the pristine Sb2Te3 due to
large carrier mobility of MoS2. However, in the case of Bi2Te3:MoS2, the incor-
poration of MoS2 led to the decrease in the value of electrical conductivity due to
enhanced electron scattering at Bi2Te3/MoS2 interface. The power factor of Sb2Te3:
MoS2 nanocomposite sample was observed to be higher as compared to pristine
Sb2Te3 sample due to the higher electrical conductivity, whereas in the case of
Bi2Te3:MoS2, the value of power factor is higher due to larger Seebeck coefficient
value. The Scanning thermal microscope (SThM) images show that pristine and
corresponding nanocomposite samples have different thermal conductivities.
Bi2Te3:MoS2 sample shows low thermal conductivity while Sb2Te3:MoS2 sample
exhibits higher power factor due to incorporation of MoS2.

17.1 Introduction

Thermoelectric (TE) materials are an extremely useful class of materials for pro-
ducing electrical power from a different heat sources [1]. The figure of merit of
thermoelectric materials is defined as ZT = ra2 T/j, where, r, j, a and T are the
electrical conductivity, thermal conductivity, Seebeck coefficient and absolute
temperature, respectively [2]. According to the expression of the figure of merit, a
thermoelectric material should exhibit low thermal conductivity (j) and large power
factor (ra2) simultaneously. In literature, several methods have been reported in
order to enhance the power factor and reduce the thermal conductivity by intro-
ducing scattering center which scatter phonon without interrupting electron trans-
port. Bi2Te3 and Sb2Te3 based alloys are best TE materials for room temperature
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applications as they show highest ZT at the room temperature [3]. Nanocomposite
technique has significantly enhance the ZT value of these alloys. The main moti-
vation for choosing 2DMoS2 nanoflakes is the ability to tune its electronic properties
by controlling the number of layers, beside its high mobility [4]. In this work, we
prepared Bi2Te3:MoS2 and Sb2Te3:MoS2 nanocomposite samples using bottom up
process. MoS2 nanoflake was synthesized by hydrothermal method. Subsequently,
incorporation of n type MoS2 nanoflakes in Bi2Te3, or Sb2Te3 alloy, phonon and
electron transport can be controlled and TE properties can be enhanced.

17.2 Experimental Method

Bi2Te3 and Sb2Te3 (99.98%) powder were purchased from Sigma Aldrich Co.
MoS2 nanoflakes was synthesis as follows, 0.28 g polyethylene glycol (EG) 2.42 g,
Sodium Molybdate (NaMoO4:2H2O) and 1.21 g Thiourea, were mixed with 60 ml
deionized water (DI). The solution was stirred for 40 min. The resultant solution
was then poured into a Teflon lined stainless steel autoclave which was further kept
in an oven at 240 °C for 24 h. The MoS2 powder obtained was rinsed and cen-
trifuged several times with DI water and ethanol. The final MoS2 powder was dried
at 60 °C for 12 h. Bi2Te3:MoS2 and Sb2Te3:MoS2 nanocomposite samples were
prepared by adding 0.05% of MoS2 in Bi2Te3 and Sb2Te3 powders at the room
temperature, respectively. For making the pellets, the powder was transferred into a
stainless steel die (diameter 14 mm) at a 1 MPa pressure applied on the die using a
hydraulic pressure machine for 5 min. The final dimension of the prepared pellets
was *13 mm diameter and *2 mm thickness.

17.3 Result and Discussion

The crystal structure of prepared samples was investigated using XRD. The
diffraction pattern of Bi2Te3 and Sb2Te3 samples indicate a rhombohedral phase
and MoS2 have hexagonal structure. Due to low concentration, no MoS2 peaks
were observed in the nanocomposite samples, as shown in Fig. 17.1.

The effect of incorporation of MoS2 on the electrical and Seebeck coefficient of
nanocomposite samples were studied in the temperature range 300–500 K. Electrical
conductivity value increases with increase in temperature, as shown in Fig. 17.2a,
which is indicate semiconductor behavior for all the samples. MoS2 has very stable
crystal structure up to 773 K under the ambient condition [5], so there is no change
expected in MoS2 crystal structure up to 500 K. At room temperature, Bi2Te3:MoS2
sample shows electrical conductivity value of (*5.29 � 102 S-cm−1) which is
slightly lower than Bi2Te3 (*8.4 � 103 S-cm−1). On the other hand, in the case of
Sb2Te3:MoS2 sample higher electrical conductivity (*6.54 � 102 S-cm−1) was
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observed in comparison to pristine Sb2Te3 sample (*2.69 � 102 S-cm−1). Seebeck
coefficient for Bi2Te3:MoS2 composite sample at 300 K was observed to be 153 µV/
K, which is higher than a value 128 µV/K observed for pristine sample.

The value of absolute Seebeck coefficient in the Bi2Te3:MoS2 nanocomposite
sample is increases with increasing the temperature up to 350 K and after this
temperature its decreases. This decrement of the Seebeck coefficient value is due
bipolar conduction. The Seebeck coefficient of Bi2Te3:MoS2 is higher but its
electrical conductivity value is lower and thus power factor of Bi2Te3:MoS2 is
lower than the pristine Bi2Te3. On the other side, no change was observed in
Seebeck coefficient value for Sb2Te3 and Sb2Te3:MoS2 nanocomposite samples.
The power factor of Sb2Te3:MoS2 is higher due to high electrical conductivity as

Fig. 17.1 XRD patterns of a Bi2Te3, MoS2 and Bi2Te3:MoS2, b Sb2Te3, MoS2 and Sb2Te3:MoS2
composite samples

Fig. 17.2 Electrical conductivity of a bulk Bi2Te3, Sb2Te3 and their nanocomposite samples
Seebeck coefficient of b Bi2Te3, and Bi2Te3:MoS2, c Sb2Te3 and Sb2Te3:MoS2 nanocomposite
samples in the temperature range 300–500 K

17 Role of MoS2 on the Electrical and Thermoelectric Properties … 107



compared to pristine Sb2Te3. Figure 17.3 shows histogram plot obtained from
SThM images of pristine Bi2Te3, Sb2Te3 and their nanocomposite samples.
Histogram indicates the relative value of thermal conductivity of pristine and
nanocomposite samples. Bi2Te3:MoS2 shows lower thermal conductivity as com-
pared to the pristine sample. While Sb2Te3:MoS2 shows higher thermal conduc-
tivity in comparison to pristine sample.

17.4 Conclusions

The effect of incorporation n type MoS2 was different in n type Bi2Te3 and P type
Sb2Te3. The value of ZT enhance in Bi2Te3:MoS2 due to lower thermal conduc-
tivity whereas in Sb2Te3:MoS2 due to higher power factor. This study presents a
method of controlling electronic properties by incorporation of n–n or n–p 2D
interfaces.
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Chapter 18
Temperature Dependent Open Circuit
Voltage Variation of Organic Solar Cells

Prashanth Kumar Manda, Rajdeep Dhar and Soumya Dutta

Abstract In this report we address the open circuit voltage (Voc) variation with
temperature (T) in details by using TCAD numerical simulation and by developing
physics based model. The proposed model is in good agreement with the TCAD
simulation and is able to explain the experimentally observed (Voc) variation with
different temperature and intensity.

18.1 Introduction

THE efficiency of a solar cell is defined by the parameters: fill factor, short circuit
current density, open-circuit voltage and the input incident power. In order to
improve the efficiency of solar cell, understanding the limiting factors governing the
above mentioned parameters is indispensable. Voc is one of the parameters that can
be improved to increase the efficiency. Though, the maximum possible Voc that can
be achieved is limited by the built-in potential Vbi of the solar cell, in general Voc is
observed to be less than Vbi. Moreover, it is observed that Voc increases with
decrease in temperature and it saturates to Vbi [1]. However Voc variation was
attributed to deterioration of carrier mobility, localization of carriers, disorder and
due to diminishing of the electron-hole distance in the charge transfer states [2–5].

18.2 Methods

Metal-Insulator-Metal model is considered for numerical simulation. Here we
consider P3HT:PCBM as the semiconductor that is intrinsic with negligible dis-
order hence the effective density of states are considered for electrons and holes
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with sharp band edges. The analysis is done by taking the spatially averaged
generation rate (G) of the generation rate profile (Gr(x)) inside the device where
Gr(x) is obtained from the Transfer Matrix Method optical simulation. In particular,
the analysis is done for P3HT:PCBM devices where the optical constants
(n, k) were taken from the literature [6]. With the help of uniform electric field,
thermionic emission boundary conditions for carriers, models are developed for
current density by solving the carrier transport and continuity equations. Moreover,
the band bending due to the injected charge is taken into account.

18.3 Results and Discussion

The device structure discussed in this report is shown in Fig. 18.1a. ITO is the
transparent conducting oxide. PEDOT:PSS is the hole transport layer. Together
PEDOT:PSS and ITO form the effective anode and Aluminum is the cathode
contact. The optical simulation is done as discussed in the Methods section and the
obtained Gr(x) (with AM1.5g illumination) for a 100 nm thick P3HT:PCBM layer
is shown in Fig. 18.1b. Spatially averaged generation rate (G) is taken as the
uniform generation rate for the electrical simulation. For the electrical simulation
the drift-diffusion equations are solved self-consistently in the active layer by
considering the effective anode and Aluminum as cathode. The obtained current
density-voltage (J−V) characteristics (dark and light) for different T are shown in
Fig. 18.2.

The dark current increases with temperature due to the increase in injected charge
carriers due to thermionic emission process and also due to the reduction in the

ITO

PEDOT: PSS

P3HT: PCBM

Aluminum

(a) (b)

Fig. 18.1 a Device structure of organic solar cell, b Gr(x) in P3HT:PCBM (TMM simulation)
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uniform electric field strength within the semiconductor [7] from—(Vbi − Va)/d
to −(V′bi − Va)/d. Vbi is the built-in potential. V′bi = Vbi − u and u being the
potential drop near the contacts [7]. But light current is a weak function of tem-
perature. The voltage at which both the dark current and the photo current become
equal in magnitude and opposite in direction is known as open-circuit voltage (Voc).
The inset of Fig. 18.2 shows the variation of Voc with T, Voc decreases with increase
in T, it is due to increase in dark current. It is important to note that Voc saturates to
Vbi as T decreases (Fig. 18.3a), which is similar to the variation of V′bi with T [7]. As
the Voc−T variation carries useful information about Vbi and injection barriers it is
important to model this variation.

Dark 

LightFig. 18.2 J−V characteristics
for different T, Voc variation
with T (inset). The parameters
used for the simulation are
taken from [7]

Fig. 18.3 Voc−T for different
Vbi with G = 1021 cm−3
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By solving the drift-diffusion equations with thermionic emission boundary
conditions and considering uniform generation rate, the dark current and
photo-current are obtained as

Jdark ¼
q lnn0 þ lppd
� �

d

 !

�
V 0
bi � Va

� �
exp Va

Vt

� �
� 1

� �
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Where µn and µp are electron and hole mobility respectively and n0 and pd are the
electron and hole concentration at anode and cathode respectively. At Va = Voc, the
total current is zero. This leads to an expression for Voc as
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ð18:3Þ

Equation (18.3) is solved self-consistently to get Voc. The obtained Voc using (18.3)
shows a decent agreement with TCAD results as shown in Fig. 18.4. From (18.3) it
is evident that Voc variation with T is due to V 0

bi variation with T.
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Fig. 18.4 Voc−T characteristics with different barriers. Where symbols are TCAD and solid lines
are model (18.3)
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However, the above proposed model is a numerical model so we extended our
study to get an empirical model by considering the variation of Voc with G, T and
u3 and it is given as

Voc ¼ Vbi � gVt ln
exp � u3

Vt

� �

kGm þ 1

0

@

1

A; ð18:4Þ

where u3 is an injection barrier for holes at the anode contact and η, k and m are the
fitting parameters.

Figure 18.5a compares our model (18.4) with TCAD data which shows a
decent agreement. Figure 18.5a and b show Voc variation with T for different G
(Io 6.91 � 1021 cm−3). Effective band gapEgff is extracted fromVoc−T characteristics
by the procedure reported in [1] and plotted in Fig. 18.5a (inset). One can notice that
Egff is varying with intensity, which infers that, Egff is not physical, which is due to the
limitation of the model. At higher light intensity (I0 > 40), dark current is negligible
compared to the high photo-current hence Voc equals Vbi. Moreover it is independent
of temperature.

18.4 Conclusion

From our simulation studies we show that the temperature dependent Voc variation
of organic solar cells is due to the change in the charge present inside the device.
Where the injected charge depends on temperature, injection barriers (for electrons
and holes) and thickness of the organic semiconductor. Physics based models
(numerical and semi-analytical) are developed for Voc by considering the band
bending due to the injected charge near metal-semiconductor junction.

Fig. 18.5 a Voc−T characteristics (inset shows Egff variation with Io) b comparison between (18.4)
(lines) and TCAD (symbols)
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Chapter 19
Effect of Pulsed Electric Field Annealing
on P3HT: PCBM Inverted Solar Cell
Structure

Chinmay N. Oak and S. Sundar Kumar Iyer

Abstract For P3HT: PCBM (Poly(3-hexylthiophene-2,5-diyl): Phenyl-C60-
butyric acid methyl ester) bulk heterojunction organic solar cell, performance
improvement due to thermal annealing during the solvent drying step in the device
fabrication has been well documented. P3HT being a polar molecule, can respond
to an externally applied electric field and thus application of an electric field during
the active layer formation can further increase the device performance. In this
paper, we have studied the application of an external electric field during thermal
annealing process, both constant as well as pulsed electric field. We find that the
application of an electric field does improve the morphology of the photoactive
film. The role of pulsed and constant electric field on the device performance is
being studied. From the initial results, inverted solar cell structure devices formed
with layers with pulsed electric field annealing show the best performance.

19.1 Introduction

A thermal annealing step during photoactive layer formation significantly increases
the devices performance In P3HT:PCBM [poly(3-hexylthiophene-2,5-diyl):
phenyl-C60-butyric acid methyl ester)] bulk-heterojunction organic solar cells [1].
Further, it has been reported that application of constant electric field during the
thermal annealing step improved device performance [2]. In this paper the effect of
pulsed electric field on the film and device performance is compared with constant
electric field and no electric field during the thermal annealing step of the P3HT:
PCBM film formation.
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19.2 Experiment

A bulk heterojunction inverted solar cell structure consisting of ITO/ZnO/P3HT:
PCBM/MoO3/Ag layers as shown in Fig. 19.1 was fabricated as in [3]. The P3HT:
PCBM blend (12 mg: 10 mg in 1 ml chlorobenzene solution) was spin coated in
nitrogen ambient, so as to achieve a 60 nm active layer. During the solvent drying
step to form the photoactive P3HT:PCBM layer, the devices were annealed ther-
mally at 130 °C in vacuum of *10−5 mbar pressure for 25 min. Depending on the
experimental splits, either no electric field (no field) or constant electric field
(constant field) or pulsed electric field (pulsed field) was applied across the film as it
got formed. The electric field strength when applied was 1000 V cm−1. For pulsing
the field, the electric field strength was switched at 10 MHz with a duty cycle of
50%. A typical arrangement for applying E-field across the sample during annealing
is shown in Fig. 19.2. The hot plate, which is also the bottom electrode, heats the
sample to the desired temperature in a vacuum chamber (*10−5 mbar). The other
(metal) electrode is placed 1 mm above bottom plate with glass spacers. Direction
of electric filed is from bottom electrode to the top electrode so that field lines go
from ITO, through the active layer and the gap to the top electrode.

The active layer films were characterised just after their formation by X-ray
diffraction (XRD) and atomic force microscope (AFM). The J−V characteristics of
the fabricated devices were obtained with Keithley 2400 parametric analyser.
A Newport solar simulator with calibrated AM1.5G spectrum and 1 sun intensity
was used during solar cell characterisation.

Fig. 19.1 Inverted solar cell structure
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19.3 Results and Discussions

19.3.1 Analysis of the Active Layer

Figure 19.3 shows AFM images for 10 µm by 10 µm scan area of the active layer
films. The rms surface roughness of ‘no field’ sample (a) is around 1.1 nm while for
‘constant field’ (b) and ‘pulsed field’ (c) samples, it is around 0.73 nm and 0.67 nm
respectively. The ‘constant field’ and ‘pulsed field’ samples appear similar.
Smoother surfaces could be indicative of better molecular ordering which might
help in improving device performance.

The XRD measurements of the films shown in Fig. 19.4 have been analysed
using Debye-Scherer’s law. The crystallite size calculated shows 6.4 nm for ‘no
field sample while it is estimated to be 9.0 nm for ‘constant field’ and 8.3 nm for
‘pulsed field’ samples. The ‘constant field’ and ‘pulsed field’ samples are superior
to the ‘no field’ sample.

Fig. 19.3 AFM images of P3HT:PCBM films a ‘no field’; b ‘constant field’; and c ‘pulsed field’
samples

Fig. 19.2 Electric field annealing setup schematic
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19.3.2 Light J−V Characteristics

The J−V characteristics measured under standard solar illumination for the different
types of devices are shown in Fig. 19.5. Parameters extracted from light charac-
teristics for 16 devices for each device type are listed in Table 19.1. Higher effi-
ciency (η) for ‘constant field’ and ‘pulsed field’ samples compared to ‘no field’
samples is observed due to the superior open circuit voltage (VOC), short circuit
current density (JSC) and fill factor (FF) in those samples.

Fig. 19.4 XRD of different
photoactive films

Fig. 19.5 The J
−V characteristics of device
for AM1.5G spectrum and 1
sun intensity
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19.3.3 Dark J−V Characteristics

The J−V characteristics measured in dark conditions are shown in Fig. 19.6 as a
semi-log plot. The ION/IOFF ratios calculated at ±1 V were found to be 52.69, 70.88
and 130.64 for ‘no field’, ‘constant field’ and ‘pulsed field’ samples respectively.
As can be seen in Fig. 19.6, ‘pulsed field’ and ‘constant field’ have more ION/IOFF
ratio as compared with the ‘no field’ samples mainly because of lesser leakage for
−1 V bias.

For calculation of built-inpotential Vbi, the plot of d(log(J))/d(log(V)) versus
V (Fig. 19.7) has been used as explained by [4]. As can be seen, Va (where plot peak
occurs, proportional to Vbi [4]) is found to be 0.59, 0.7, 0.66 V which gives the Vbi

corresponding to 0.91, 1.03, 0.98 V resp. for ‘no field’, ‘constant field’ and ‘pulsed
field’ samples respectively. More Vbi implies more internal field for charge sepa-
ration, which should help improve solar cell performance.

Table 19.1 Solar cell light characteristics parameters

VOC (V) JSC (mA/cm2) FF RS (X) RSH (kX) η (%)

NEF 0.6 ± 0.12 6.48 ± 1.00 0.4 ± 0.04 47 ± 26 0.38 ± 0.27 1.5 ± 0.31

CEF 0.64 ± 0.01 7.31 ± 1.07 0.42 ± 0.09 48 ± 34 1.03 ± 1.29 1.9 ± 0.22

PEF 0.62 ± 0.02 8.46 ± 1.28 0.43 ± 0.06 58 ± 40 0.85 ± 0.72 2.36 ± 0.36

Fig. 19.6 Semi-log, dark J
−V characteristics for the
three annealing conditions
during active layer formation
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19.4 Conclusion

Initial results show a significant benefit of electric field annealing during pho-
toactive layer formation in P3HT:PCBM solar cells. Increased efficiency is
observed as a result of increased JSC and slight improvement in FF and VOC. Dark
characteristics reveal more ION/IOFF ratio and higher Vbi for ‘pulsed field’ and
‘constant field’ as compared with ‘no field’ samples. Work to statistically confirm
the observed superiority of ‘pulsed field’ device performance is on-going.
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Chapter 20
Towards High Performance Large
Area Two Color Hybrid White Organic
Light Emitting Diodes for Lighting
Applications

Madhu Seetharaman, Asha Awasthi,
Jaya Sandhya Meenakshinathan, Gaurav Garg, Akanksha Mohan,
Krishna Manohara, Surya Bindu, Muralidharan Balakrishnan
and Monica Katiyar

Abstract White organic light-emitting diodes (WOLEDs) are ideal candidates for
next generation solid state lighting. In order to overcome that operational stability
limitation of all phosphorescent material based OLEDs, hybrid WOLED with a
combination of blue emitting florescent and phosphorescence based other color
emitting systems are used. In this study, hybrid WOLED by fabricating WOLED
devices with varying dopant concentration and layer thickness were fabricated and
tested for their performances and stability. The power efficiencies of the devices
were found to vary from 3.43 to 16.5 lm/W and devices showed a wide color range
from cool white (CIE—0.34, 0.42) to warm white (CIE—0.47, 0.48) and moving
towards yellow color. The devices fabricated over an area of 16 mm2 showed good
performance and color stability at constant current driving and showed lifetime of
T90 of 60 min at brightness of 3000 cd/m2.

20.1 Introduction

In recent years, Organic light-emitting devices (OLEDs) have shown great potential
for full-color displays, backlight for liquid-crystal displays and solid state lighting.
White organic light-emitting diodes (WOLEDs) are an ideal candidate for the solid
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state lighting over other technologies due to their advantages such as large area
surface diffusive emission, potentially low cost manufacturability and eco friend-
liness. For solid state lighting applications, WOLEDs should have good color
coordinates and color rendering index (CRI > 80), in addition to high power effi-
ciency and long operational lifetimes [1]. Being current driven devices, OLEDs can
be operated at very high luminance at increased current densities. However, the
operational lifetime of a device was found to reduce drastically at high current
densities, due to different failure mechanisms such as material decomposition and
joule-heating.

In order to achieve high power efficiency and performance, highly efficient
phosphorescent OLEDs (PhOLEDs) are being developed. In OLEDs, light is
emitted by the recombination of holes and electrons in the emitter molecule layer.
The recombination generates singlet and triplet excitons in the ratio of 1:3. In
fluorescent emitter molecules, the singlet excitons emit light whereas, triplet exci-
tons undergo non-radiative transitions without contributing to light emission. [2] In
order to overcome this limitation and to utilize triplet excitons for light emission,
phosphorescent emitters based on organometallic rare earth metal complexes with
Iridium (Ir-) or Platinum (Pt-), which induce spin orbit coupling. Thus, by using
phosphorescent emitters, OLEDs can operate with internal quantum efficiency close
to 100%. Even though researchers have shown high performance and lifetimes in
red, green and yellow color emitting PhOLEDs, blue PhOLEDs are known for
lower lifetimes [3–6].

For white light emission, color mixing is the most widely used method. White
emission can be obtained by mixing two complementary colors (blue and yellow)
or three primary colors (red, green and blue). Various techniques have been
reported for producing white light by color mixing [6]. Among them, one of the
most promising techniques is the use of stacked WOLEDs, which connect indi-
vidual color emission units. It helps to produce various hues and stable color can be
achieved over a wide range of driving currents. In our previous studies, we have
found out that a fully phosphorescent WOLED can produce very high performance,
but the operational lifetimes of the devices are very low.

In order to achieve good stability and longer lifetimes, a hybrid WOLED which
employs both fluorescent and phosphorescent emission systems is needed. Even
though, the introduction of blue fluorescent emitter limits the power efficiency and
performance of the WOLED, with optimal design of the stack through charge
balance and recombination zone control, good performance and color stability can
be achieved using bi-layer hybrid structure. In this study, we have developed hybrid
WOLED using a bi-layer of blue fluorescent and yellow phosphorescent emitting
host-dopant systems. A fluorescent host and dopant were used for blue emission,
whereas, widely used host, 4,4′-Bis(N-carbazolyl)-1,1′-bipheny (CBP) and a high
performance yellow phosphorescent dopant, Iridium(III) bis (4-phenylthieno [3,2-c]
pyridinato-N,C2-) acetylacetonate (PO-01) were used in the fabrication of bi-layer
hybrid WOLED [7–9].
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20.2 Materials and Methods

OLEDs were fabricated on 0.7 mm thick glass substrates coated with 150 nm thick
Indium Tin Oxide (ITO).The substrates were cleaned in deionized water, isopropyl
alcohol and dried. Further, the layers were patterned and pixelated using pho-
tolithography. Afterwards, the substrates were exposed to argon-oxygen plasma for
removing any impurity and ITO work function improvement prior to deposition.
The sequential deposition of all the organic and metal layers were carried out in
high vacuum thermal evaporation cluster tool, under a vacuum of 10−8 Torr. The
fluorescent blue host, dopant and HIL were purchased from DOOSAN electronic
materials, Korea; while CBP, N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-
4,4′-diamine (NPB) and 2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimida-
zole) (TPBi) were purchased from E-Ray optoelectronic materials, Taiwan; PO-01
was purchased from Lumtec corporation, Taiwan and Lithium Fluoride (LiF) was
purchased from Sigma Aldrich. The thickness of layers, deposition rates and doping
concentrations were controlled and measured in situ using calibrated quartz crystal
based thickness monitors. The deposition rates of all the organic layers were
0.1 nm/s and LiF was deposited at 0.01 nm/s. After deposition, the OLEDs were
immediately encapsulated using glass with an UV curable epoxy and were char-
acterized (Fig. 20.1). The characterization of the devices was done using Keithley
2400 source meter and spectroradiometer (Konica Minolta CS1000) at room
temperature.

20.3 Results and Discussion

For commercial lighting applications, OLED should have a brightness of more than
1000 cd/m2 with a lifetime (T70) in the order of thousands of hours. So, all the
devices were tested at brightness 1000 cd/m2 or higher. The fluorescent blue
emission stack was previously optimized to achieve a power efficiency of 2 lm/W
and current efficiency of 3.9 cd/A with a very good operation stability in terms of
both color and performance. The blue OLED (Device-B1) has turn on voltage of
4 V, with a peak luminance of 15,000 cd/m2 at 10 V with color co-ordinates (0.17,
0.20). Since, the blue fluorescent OLED was already optimized and known, the
yellow phosphorescent OLED was fabricated with different concentrations of yel-
low dopant in the same stack. The yellow phosphorescent emission OLEDs with
different concentrations of yellow dopant was optimized. The devices with struc-
ture: ITO/HIL/NPB/CBP + PO-01(x)/TPBi/LiF/Al/protective layer were fabricated
with concentration, x varying from 5 to 15 wt% in the CBP host layer. The device
D1 fabricated with 5 wt% concentration of yellow dopant achieved brightness of
1120 cd/m2 at a voltage of 6.5 V with CIE co-ordinates (0.48, 0.49) with a current
efficiency of 27.7 cd/A and power efficiency of 13.4 lm/W. The device D2 with 10
wt% dopant concentration performed with an operational voltage of 6.0 V at a
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brightness of 1380 cd/m2 with CIE co-ordinates (0.507, 0.487) with a current
efficiency of 34.7 cd/A and power efficiency of 18.2 lm/W. Whereas, the device D3
with 15 wt% concentration of dopant achieved a brightness of 1080 cd/m2 at a
voltage of 6.0 V with CIE co-ordinates (0.52, 0.47) with a current efficiency of
36.1 cd/A and power efficiency of 18.9 lm/W on a device area of 16 mm2

(Fig. 20.2)
Progressively, the devices were tested for lifetime under constant current con-

ditions at higher brightness level of around 3000 cd/m2 for stability. The device D1,
when tested at brightness of initial luminance of 3200 cd/m2 and the luminance
value dropped to 2710 cd/m2 with voltage changing from 7.98 to 8.48 V in one
hour of testing. While device D2 showed a slightly better performance, with
brightness dropping from 3130 to 2650 cd/m2 with operational voltage changing
from 6.83 to 7.21 V in a span of one hour. Further, the device D3 when tested,

Fig. 20.1 a Schematic diagram and b energy level diagram of bi-layer hybrid WOLED
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the luminance dropped from 3180 to 2250 cd/m2 with voltage changing from 7.25
to 7.53 V (Fig. 20.3).

It was observed that, with the increase in the concentration from 5 (D1) to 10 wt%
(D2) yellow dopant concentration, the performance improved with a luminance
efficiency steadily increasing from 13.5 to 18.2 lm/W while, at 15 wt% concentra-
tion dopant device (D3), there was only slight improvement in performance and was
non proportional to the dopant concentration, due to the poor charge balance in the
device. Also, there is marginal increase in stability of devices, D1 from D2 whereas;
further increase in the concentration does not have much impact on the performance,
even though better stability can be observed in device D3.

Fig. 20.2 a I–V characteristics and b L–V characteristic of blue and yellow 16 mm2 area OLED
devices

Fig. 20.3 Luminance drop of different OLED devices under constant current driving
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In order to develop hybrid WOLED, blue fluorescent emitter layer was incor-
porated in the above device structure and devices with structure—ITO/HIL/NPB/
fluorescent blue host-dopant emission layer/CBP + PO-01/TPBi/LiF/Al/protection
layer were fabricated (Fig. 20.3). The device (W1) with 10 wt% concentrations of
blue dopant and yellow dopant in the respective bi-layers showed an operating
voltage of 7.5 V at 1100 cd/m2 with CIE co-ordinates (0.47, 0.48) with a current
efficiency of 29.9 cd/A and power efficiency of 12.5 lm/W. The device showed
good color stability even at higher brightness. Under constant current driving for
one hour, starting at an initial luminance of 1400 cd/m2, luminance value decreased
to 1170 cd/m2 with voltage changing from 8 to 8.42 V. The devices showed a T87
(almost 90% luminance from the initial higher luminance value) of one hour. But, it
was observed that the color of the device D4 has a warm white. In order to achieve
cool white light, the concentration of the yellow dopant was reduced to <1%. The
device W2 with 0.6 wt% concentration of yellow dopant, showed cool white color
with CIE co-ordinates (0.34, 0.42) at 1000 cd/m2, but the performance dropped
drastically, with a current efficiency of 10.4 cd/A and power efficiency of 3.43 lm/
W (Fig. 20.4).

During lifetime testing under constant current driving, the luminance dropped
from 1300 to 613 cd/m2 in one hour (Fig. 20.5). The decrease in luminance over
time in W2 could be attributed to poor management of excitons in the emission
layer where the dopant concentration is very low [5]. However, on comparing the
relative emission spectra of W1 and W2 shows that even at lower concentrations,
the phosphorescent based yellow emission is dominant than a much higher con-
centration based fluorescent blue emission (Fig. 20.6). Further detailed study is
needed to understand the complex mechanism involved in the luminance degra-
dation and to improve stability of these hybrid WOLED devices. Another way is to
incorporate a second blue emission layer in the structure to improve the color with
10 wt% yellow phosphorescent emission layer and studies are ongoing to develop
blue-yellow-blue emission layer based hybrid WOLEDs.

Fig. 20.4 a I–V characteristics and b L–V characteristics of 16 mm2 area WOLEDs—W1 and W2
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Fig. 20.5 Luminance drop observed in devices—W1, W2 and B1 over time period of 1 h

Fig. 20.6 a Images of warm white OLEDs (W1), b cool white OLED (W2), c relative spectra of
W1 and d that of W2 at 1000 cd/m2 brightness
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20.4 Conclusions

We have successfully demonstrated the process of developing hybrid WOLED
using bi-layer of blue fluorescent and yellow phosphorescent emitting host-dopant
system. Yellow OLEDs were made with a phosphorescent host-emitter system was
optimized for different concentration and their stability over constant current
driving was observed. The devices showed a steady increase in performance with
increased concentration of the dopant mainly due better exciton formation.
Optimum performance with a current efficiency of 34.7 cd/A and power efficiency
of 18.2 lm/W was achieved at 10% concentration of yellow dopant and very good
stability Progressively, a blue fluorescent emitting system was incorporated in the
yellow phosphorescent OLED stack to fabricate hybrid WOLEDs. Different
WOLED devices with varying concentration and layer thickness were fabricated
and tested for their performances. The power efficiencies of the devices were found
to vary from 3.43 to 16.5 lm/W at 1100 cd/m2 brightness and devices showed a
wide color range from cool white (CIE—0.34, 0.42) to warm white (CIE—0.47,
0.48) and moving towards yellow. The devices ware optimized with achieve current
efficiency and power efficiency of 29.9 cd/A and 12.5 lm/W respectively with CIE
coordinates (0.47, 0.48). The devices fabricated over an area of 16 mm2 showed
good performance and color stability at constant current driving and showed life-
time of T90 of 60 min at higher brightness (3000 cd/m2). The development of
hybrid WOLED shows a new way to produce high performance WOLEDs along
with good operational stability, which was the major limitation of phosphorescent
WOLEDs. Studies are on-going to develop WOLEDs with more efficient blue
emitting fluorescent materials and incorporation of additional blue emission layer
and out-coupling films to achieve power efficiencies of 30 lm/W or more, aimed
towards developing large area WOLEDs and on different substrates like ultrathin
glass and other flexible substrates for commercial applications.
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Chapter 21
Surface Enhanced IR Absorption
and Raman Detection of Tryptophan
Amino Acids Over Silver Nanoislands
Deposited on Graphene

Preeti Garg, Praveen Sahoo, R. Raman and R. K. Soni

Abstract Surface enhanced IR absorption (SEIRA) and Surface enhanced Raman
scattering (SERS) of amino acids in protein (L-Tryptophan) drop coated on
deposited silver nanoislands over monolayer of graphene on silicon were obtained
using FTIR in reflectance mode and micro-Raman respectively. In this work, two
dimensional Ag nanoislands were prepared on LPCVD-grown monolayer graphene
on Si. Here we describe the enhanced interaction between light and silver
nanoislands deposited on graphene as a tool for trace detection of molecular enti-
ties, especially in the area of bio-molecule detection and characterisation. This
enhanced interaction is due to localised surface plasmons generated in silver nano
islands that we fabricate by simple means of metal deposition on top of graphene.
We have achieved femto molar detection limit of L-Tryptophan on monolayer
graphene.

21.1 Introduction

Graphene the thinnest sp2 allotrope of carbon arranged in honey comb lattice, has
attracted attention because of its unique electrical and optical properties [1].
Although the single-atomic quality of graphene is absolutely essential for many of
its unusual properties, it also limits the interaction with light [2]. Accordingly,
means to improve the light-matter interaction are required, which have been
recently realized in the form of optical cavities, structures using quantum emitters,
or localized surface plasmons. Localized surface plasmons are conduction electron
excitations of sub wavelength size metallic structures, coupled to the electromag-
netic field that can be used to confine light to very small volumes [3]. Here we have
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used silver (Ag) nanoislands for the generation of localized surface plasmons
without restoring to any nanofabrication technology [4]. In this work, two
dimensional Ag nanoislands were prepared on monolayer LPCVD grown graphene
over Si. Raman spectroscopy is a complete tool for non-destructive characterization
of materials. In 1977 Van Duyne pointed out the influence of a roughened surface
of electrode on the unusually high Raman intensity and it was known as Surface
Enhanced Raman Scattering (SERS) [5]. Various methods have been utilized for
SERS substrate fabrication, such as lithography, electrochemical deposition and
electron beam evaporation. However, a large scale fabrication of highly sensitive
and uniform SERS substrate remains a challenge [6]. Here, we fabricated a
SERS-active substrate by depositing Ag nanoparticles over graphene on Si [7]. No
template or lithography was needed for patterning the graphene, thus providing a
simple and inexpensive and novel method to achieve a large area of homogeneous,
highly sensitive SERS and Surface enhanced IR absorption (SEIRA) substrate for
bio-sensing of L-Tryptophan. We have achieved femto molar detection limit of
L-Tryptophan using Raman scattering on monolayer graphene. The Raman
enhancement factor at 1358 cm−1 increases from 1.5 to 1200 on decreasing the
concentration of L-tryptophan from milli molar to femto molar respectively in
de-ionized water.

21.2 Aim’s of the Study

SERS-active substrate preparation using graphene by thermal evaporation tech-
nique using silver and to compare it with Raman spectra of graphene on bare Si
substrate. We demonstrate the highest detection limit up to femto molar SERS and
SEIRA activities of these nanoparticles using L-Tryptophan as probe molecule for
bio-sensing.

21.3 Methods

21.3.1 Preparation of Ag Nanoislands

Single layer graphene grown by Low Pressure Chemical Vapour Deposition was
deposited with 10–12 nm of Ag by vacuum thermal evaporation system with
vacuum below 10−6 mbar. Ag nanoislands were formed by annealing at 300 °C in
nitrogen atmosphere for 60 min. The surface enhanced monolayer graphene was
drop casted with protein (L-tryptophan) in deionized water of various molarity
varies from miili molar to femto molar.
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21.3.2 Characterisation

The silver nanoislands were investigated by FE-SEM (Zeiss Supra 55) and AFM
(Agilent LS 5600). The micro Raman was recorded by HORIBA JOBIN YVON
Labram HR Evolution instrument equipped with 532 nm laser. The micro FTIR
was done on Varian 680 IR Spectrometer in the mid-IR range 400–3500 cm−1.

21.4 Results and Discussion

Raman spectrum of graphene [8] monolayer respectively on SiO2/Si with and
without Ag nanoislands is shown in Fig. 21.1. Enhancement is different for D, G
and 2D peaks and increase in FWHM is due to the defect generation after annealing
[9]. This enhancement is due to excitation of localised surface Plasmon resonance
(LSPR) in silver nanoislands and enhanced local electric field which act as hot spot.
Hot spots are near to and between the silver nanoislands [10]. The overall
enhancement is around 50 fold and it comes only through silver attachment not by
annealing, to cross check this the bare graphene was annealed in the same condition
but there was no change in Raman Intensity. So the role of annealing is to crack the
silver layer leading to the formation of islands [11].
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Fig. 21.1 Raman spectrum of graphene monolayer respectively on SiO2/Si with and without Ag
nanoisland
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SEM images after Ag deposition on graphene and silver nanoislands formation
after annealing size varying from 50 to 200 nm are shown in Fig. 21.2. In addition
to it the AFM imaging in tapping mode also reveals the same distribution of
nanoislands along with its peak count histogram is also shown in Fig. 21.3. These
images combined with the SEM images, indicate that the nanoparticles are situated
on top of graphene films and their shapes are not uniform.

Thereafter the micro-Raman and micro-IR of drop casted L-Tryptophan in
deionised water on monolayer graphene for concentration varying from milli molar
to femto molar as shown in Fig. 21.4. We employed the peak at 1358 cm−1 to
estimate the EF through the following equation [12]:

EF ¼ ðIsers � NnormalÞ=ðInormal � NsersÞ

where Isers and Inormal are the intensities of the same band for the SERS and normal
Raman spectra. Nnormal is the number of molecules probed for a normal Raman
setting, and Nsers is the number of molecules probed in SERS. The enhancement

Fig. 21.2 SEM image after Ag deposition on graphene (a) and silver nanoislands formation (b)

Fig. 21.3 a The AFM image and b the distributions of the silver nanoislands on graphene
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factor has been recorded at 1358 cm−1 Raman peak of L-Tryptophan as shown in
Fig. 21.4. EF increases with decrease in molarity because SERS enhancement is
dependent on the distance between the SERS surface and the molecule of interest.
The target molecule need not touch the surface for SERS enhancement to occur.
Moreover enhancement factor curve has polynomial fit of order 4 with concen-
tration as shown in Fig. 21.5. It confirms the highest femto molar detection limit of
L-Tryptophan. From the IR reflectance also it can be concluded that this enhanced
IR reflectance due to plasmonic coupling of Ag nanoisland with IR radiation.
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Fig. 21.4 Micro-Raman (a) and micro-IR (b) of drop casted L-Tryptophan on monolayer
graphene for concentration varying from mM to fM
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21.5 Conclusion

In conclusion, we fabricated Ag nanoislands on graphene and demonstrated the
enhanced interaction of graphene and light for Raman transitions in comparison
with that on bare Si wafer. The enhanced interaction is realized due to excitation of
localized surface plasmon resonance (LSPR) in silver nanoislands and enhanced
local electric field which act as hot spots. In contrast to many other nanostructures,
Ag nanoislands are easy to fabricate. Higher SERS intensity can be achieved by
properly adjusting the base diameter, height, density and growth of silver
nanoparticles. So it found application in bio-sensing based on the surface enhanced
raman phenomenon.
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References

1. L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman spectroscopy in
graphene. Phys. Rep. 473, 51–87 (2009)

2. A.K. Geim, K.S. Novoselov, The rise of graphene. Nat. Mater. 6, 183–191 (2007)
3. E.C. Le Ru, E. Blackie, M. Meyer, Surface enhanced raman scattering enhancement factors: a

comprehensive study. J. Phys. Chem. C 111, 113794–113803 (2007)
4. M. Fleischm, P.J. Hendra, A.J. McQuilla, Raman Spectra of pyridine absorbed at a silver

electrode. Chem. Phys. Lett. 26(2), 163–166 (1974)
5. A.X. Wang, Review of recent progress of plasmonic materials and nano-structure for

surface-enhanced Raman scattering materials. Materials 8, 3024–3305 (2015)
6. J. Theiss, P. Pavaskar, P.M. Echternach, R.E. Muller, S.B. Cronin, Plasmonic nanoparticle

arrays with nanometer separation for high-performance SERS substrates. Nano Lett. 10(8),
2749–2754 (2010)

7. A. Urich, A. Pospischil, M.M. Furchi, D. Daitze, K. Unterrainer, T. Mueller, Silver
nanoisland enhanced Raman interaction in graphene. Appl. Phys. Lett. 101, 153113 (2012)

8. A.C. Ferrari, D.M. Bosko, Raman Spectroscopy as a versatile tool for studying properties of
graphene. Nat. Nanotechnol. 8, 235 (2013)

9. J. Lee, K.S. Novoselov, H.S. Shin, Interaction between metal and graphene: dependence on
number of layer of graphene. ACS Nano 05, 608–612 (2011)

10. M.K. Hossain, Y. Ozaki, Surface enhanced Raman Scattering; facts and inline trends. Curr.
Sci. 97, 192–201 (2009)

11. H.R. Stuart, D.G. Hall, Island size effects in nano particle-enhanced photodetectors. Appl.
Phys. Lett. 73, 3815 (1998)

12. E.C. Ru, E. Blackie, M. Meyer, P.G. Etchegoin, Surface enhanced Raman Scattering
enhancement factors: a comprehensive study. J. Phys. Chem. C 111(37), 13794–13803 (2007)

138 P. Garg et al.



Chapter 22
Synthesis, Characterization
and Temperature Dependence
of Conductivity in Poly (o-toluidine)

Navdeep Sharma and Atul Kapil

Abstract Poly (o-toluidine) (POT) was prepared by chemical oxidation method
doped with p-toluene sulphonic (p-TSA) acid in the presence of ammonium per-
sulphate (APS) as an oxidizing agent. Polymer synthesis was optimized for different
dopant–to-monomer ratios for better conductivity results. The polymer was char-
acterized by Fourier–transform infrared (FTIR) and ultra violet-visible absorption
spectroscopy (UV-Vis). Crystallinity of the sample was examined by X-ray
diffraction (XRD). Temperature dependence of conductivity was studied in the
temperature range 300–430 K. The conductivity was found to show an increase of
*four orders with the rise in temp. The measured conductivity versus temperature
data was fitted with Arrhenius model, Mott’s variable range hopping (VRH) model
in order to investigate the charge transport mechanism in the higher temperature
range.

22.1 Introduction

During past years, polymers have been typically utilized in electrical, optical and
electronic devices as insulators because of their high electrical resistivity [1]. Since
the discovery of conducting polymers by Alan MacDiarmid et al. in the year 1976,
these synthetic metals have become the hub of material science because of their
conducting nature as shown by their electronic and electrical properties [2]. In
recent years conducting polymers like polypyrrole, poly (p-phenylene), polythio-
phene and polyaniline of this class have been studied [3]. Among the conducting
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polymers, polyanilines are considered to be one of the authenticate class of organic
conducting polymers due to their good environmental stability, low cost of
monomer, facile synthesis, and easy doping and dedoping process. Also it has a
wide range of applications in multidisciplinary fields like gas separation, actuator,
sensor, light emitting diodes, solar cells, organic batteries, switch, etc. [4–6].

A number of papers are available reporting the synthesis of polyaniline (PANI)
using different dopants and its characterization [3, 6–8]. However, the major
problem associated with all conducting polymers including PANI is inherent in
their lower level of conductivity compared to metal, and their infusibility and
processibility due to its insoluble nature in common organic solvents [9, 10]. This
problem has been overcome to some extent through doping with a suitable dopant
and by using substituted derivatives of anilines for example N-methyl or N-ethyl
anilines, anisidines, Poly(ortho-toluidine) etc. The polymers of the substituted
aniline show greater solubility but the conductivity is found to be slightly lower.
However efforts have been made to improve their properties by introducing func-
tional groups to make soluble in common organic solvents like toluene, m-cresol,
chloroform etc. [5, 11, 12].

In order to obtain additional insight into PANI, a methyl (–CH3) substituent has
been used to block the ortho position of aromatic ring of aniline. Among the ring
substituted PANI derivatives, Poly (o-toluidine) (POT) has been most widely
studied one. Figure 22.1a, b shows the molecular structure of polyaniline and poly
(o-toluidine) [13]. Recently, POT was also found to have additional advantages
over PANI due its faster switching time between the reduced and oxidized state [14,
15]. Different methods have been reported in research papers for the preparation of
POT by using different dopants, oxidants and others parameters to enhance their
properties [8, 16, 17].

In the present study, we have prepared POT by using chemical oxidative
polymerization of o-toluidine in the presence of p-toluene sulphonic acid (p-TSA)
used as dopant. The synthesized material was then subjected to various

Fig. 22.1 Molecular structure of polyaminoarenes: a polyaniline, b poly (o-toluidine)
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characterization techniques. Temperature dependent electrical conductivity was
studied in the temperature range of 300–430 K with four probe set-up to speculate
its conductivity behavior.

22.2 Experimental

22.2.1 Materials

O-methylaniline (o-toluidine) (monomer), Ammonium peroxydisulfate (APS),
p-Toluene sulfonic acid (p-TSA), dimethyl sulphoxide (DMSO), and
1-Methy-2-pyrrolidone (NMP). All chemicals used in the present investigation
were analytical reagent (AR) grade and used as received from Alfa Aesar.

22.2.2 Chemical Synthesis

Poly (o-toluidine) was synthesized by chemical oxidative polymerization of
monomer o-toluidine in acidic medium by using APS as a oxidant. All the solutions
were prepared by using fresh distilled water. In a typical procedure, to start the
reaction, monomer o-toluidine (5 mmol) was dissolved in distilled water in a beaker
under constant stirring at 0–5 °C. It was then slowly added to 50 ml aqueous
solution of p-TSA (30 mmol). The polymerization was initiated by the drop wise
addition of the oxidant solution containing 5 mmol of APS dissolved in 50 ml of
water pre-cooled at 0–5 °C. The monomer to oxidant ratio was kept as 1:1. After
complete addition of the oxidizing agent, the polymerization process was allowed
to proceed in open ambient under continuous stirring for 6 h. Dark green colored
precipitate of the polymer thus obtained was separated by filtration, washed with
distilled water until the filtrate was colourless and finally dried in an oven at 48 °C
for about 36 h to remove moisture. Finally, green colored sample polymer obtained
was crushed to fine powder with the help of mortar-pestle. Dry powder of polymer
was compressed in the form of pellets *10 mm diameter using a steel die in a
hydraulic press. The pellets of poly (o-toluidine) are coated with silver paste on
either side of the surfaces to obtain better contacts.

22.2.3 Measurements

The absorption spectra of the polymer were recorded when dissolved in dimethyl
sulphoxide (DMSO) by using UV-Visible (model UV 2600 shimadzu) double beam
spectrophotometer in the wavelength range of 200–800 nm. X-ray diffraction
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(XRD) pattern was recorded with the help of Xpert pro panalytical desktop X-ray
diffractometer using Cu X-ray with wavelength 1.54 A°. FT-IR spectra of the
polymers in powder form were taken on a Agilent Cary 630 FTIR Spectrometer
model no. G8043AA in the wave number range 650–4000 cm−1.

Electrical conductivity measurements were performed by standard four-probe
technique. A Keithley source meter (model 2400) and a Keithley Voltmeter were
used as constant current source and volt meter, respectively, in four probe setup.

The conductivity (r) was calculated from the measured current and voltage data
using the relation [18].

r ¼ ln2
pd

I
V

� �
ð22:1Þ

where I, V and d are applied current, measured voltage and thickness of the pellet,
respectively.

22.3 Results and Discussion

22.3.1 Spectroscopic Measurements

Figure 22.2 shows the FTIR spectra of poly (o-toluidine) doped with p-TSA. The
attenuated total reflection (ATR) FTIR spectra were recorded with cary 630 1B
Diamond ATR Module ZnSe spectrometer in the wave number range 650–
4000 cm−1. ATR spectroscopy is a contact sampling method in which a crystal of a
high refractive index is used as an internal reflection element. The presence of the
two bands in the vicinity of 1500 and 1600 cm−1 are assigned to the nonsymmetric
c6 ring stretching modes. The higher frequency vibration at 1600 cm−1 has a major

Fig. 22.2 ATR-FTIR spectra of Poly (o-toluidine) for the dopant to monomer ratio 6
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contribution from the quinoid rings while, the lower frequency mode at 1500 cm−1

depicts the presence of bezenoid ring unit. The presence of these two bands clearly
shows that the polymer is composed of the amine and imine units [19]. The peak at
808.16 cm−1 obtained due to paradisubstituted aromatic rings, which indicates the
polymer formation. The characteristic peak 879.26 cm−1 has come due to the
methyl group attached to the phenyl ring.

The peak observed at 1005.06 cm−1 shown the presence of SO�
3 group of the

p-TSA. C–N stretching of bezenoid and quinoid rings occurred at prominent peak
1492.70 and 1587.62 cm−1 respectively. Aromatic C–N stretching at 1314.28 cm−1

shows the presence of secondary aromatic amine group [12]. The peak
3217.71 cm−1 has shown aromatic C–H stretching and 3440.60 cm−1 peak occurred
due to >N–H stretching vibration. The peak at 1125 cm−1 in FTIR spectra is related
with the degree of electron delocalization of conducting POT [12, 20].

Figure 22.3 shows the X-ray diffraction patterns of p-TSA doped poly
(o-toluidine). In the XRD analysis of the conducting polymers, the two things much
expected are crystallinity and orientation. It is because highly ordered systems show
a metallic like conductive regime. Jozefowicz et al. had proposed a pseudo-
orthorhombic unit cell structure for POT. A few broad and weak Bragg’s diffraction
peaks appeared at 2 theta *15°, 20°, 24° and 25°. This pattern is in good agree-
ment with the available literature on conducting polymers, according to which all
the polymers have either semi crystalline or amorphous nature [21–23].

The absorption spectrum of conducting polymers is an important spectroscopic
technique to explore the oxidation state of the polymer backbone. The optical
absorption spectra of POT doped with p-TSA is shown in Fig. 22.4. The absorption
peak at *312–318 nm can be assigned to the p − p* transition of the bezenoid
rings, whereas the peaks occurred at *414–417 and 615 nm are assigned to the
polaron bands [24, 25]. The peaks shift towards higher wavelength in the last two
cases due to the doping which is responsible for the enhancement of conductivity in
the polymers.

Fig. 22.3 X-ray diffraction pattern of p-TSA Doped POT
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22.3.2 Conductivity Measurements

The electrical conductivity of conjugated polymers mainly depends upon the
dopant. Synthesis of the polymer was carried out at different dopant molar con-
centrations. Figure 22.5 shows electrical conductivity of POT as a function of the
dopant to monomer molar ratio used in the synthesis of poly (o-toluidine).
Figure 22.5 clears the picture that the conductivity increases with increase in the
dopant to monomer ratio and achieved maximum value at a ratio of 5 and decreased
slightly beyond that. The increase in the conductivity is attributed to the doping of
the conducting polymer.

Three samples with different dopant to monomer ratio, namely, R2 (for p-TSA/
monomer = 2), R3 (for p-TSA/monomer = 3), and R8 (for p-TSA/monomer = 8)
were used to study the effect of doping on the conductivity and its temperature
dependent behavior. Figure 22.6 shows the variation of the conductivity of PTSA

Fig. 22.4 UV-Vis absorption spectra of p-TSA Doped POT

Fig. 22.5 Dependence of electrical conductivity on dopant/monomer ratio
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doped poly (o-toluidine) in the pellet form with in the temperature range 300–
430 K. It is clear from Fig. 22.6 that the conductivity increases with increase in the
temperature of polymers of all samples. The temperature dependent behavior of the
conjugated polymers could be due to the thermally activated charge transfer
between the polymer chains and the dopants. Further, literature suggested that
temperature increment may lead to the chain alignment of the polymer, which
increases conjugation length and therefore, enhances the conductivity. Also some
molecular rearrangements may occur upon heating, which makes the molecular
structure favorable for the electronic delocalization [26].

As Fig. 22.6 shows that conductivity is a function of the temperature and can be
interpreted systematically in the light of different models so as to find the in depth
mechanism of current transport in these polymers. The temperature dependence of
conductivity can be expressed as follows [27].

rd:c: Tð Þ ¼ r0 exp �EA=kTð Þ ð22:2Þ

where r0 is the conductivity at infinite temperature, EA the activation energy and
k the Boltzmann constant.

Figure 22.7 shows the variation of the d.c. conductivity as a function of the
reciprocal of the temperature for all the samples under investigation. It was found
that experimental data very well fit in a straight line explaining the Arrhenius model
or thermally activated process.

Fig. 22.6 Temperature dependence of conductivity for different dopant to monomer ratios
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The Mott’s variable range hopping (VRH) model has been extensively used to
explain the temperature dependence of d.c. conductivity and the inherent charge
transport mechanism in various amorphous conjugated polymers and recently has
also been used to examined organic conductors/semiconductor. According to
Mott’s variable range (VRH) model, the dependence of d.c. conductivity follows
the formula [28–31].

r Tð Þ ¼ r0 exp �To=Tð Þc ð22:3Þ

where the parameter r0 can be consider as the limiting value of conductivity at
infinite temperature range, To is the Mott characteristic temperature which is con-
sidered as a measure of disorder and the exponent is related to the dimensionality
‘d’ of the transport process via the equation c = 1/(1 + d), where d = 1, 2 and 3 for
one dimensional, two dimensional and three dimensional mode of conduction
process, respectively.

The applicability of the VRH model is examined by plotting the experimental
results in the form of ln (r) versus T−1/4 plots for the different examined samples as
shown in Fig. 22.8 [32].

Fig. 22.7 Variation of conductivity of POT with 1000/T for three different dopant/monomer ratio:
R2, R3, R8. Conductivity is plotted in logarithmic scale

Fig. 22.8 Variation of conductivity of POT with T−1/4 for three different dopant/monomer ratios:
R2, R3, R8. Conductivity is plotted in logarithmic scale
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In the present study, Mott’s VRH model and Arrhenius model gives an excellent
fit to the experimental results in the temperature range 300–430 K. The excellent
fitting of the curves, in general explain the inherent charge transport mechanism and
the thermally activated behavior of the conjugated polymer.

22.4 Conclusion

Poly (o-toluidine) doped with p-toluenesulfonic acid was synthesized by oxidative
chemical polymerization method using ammonium persulfate as an oxidizing agent.
The synthesis of POT was optimized in respect of dopant concentration for elec-
trical conductivity. Spectroscopic measurements confirm the formation of doped
POT. Temperature dependence of the electrical conductivity measurements of
doped POT showed ohmic nature. The temperature dependent conductivity was
found to follow the Mott’s variable range hopping (VRH) model of charge
transport.
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Chapter 23
Solvent Mixture Formulation for Inkjet
Printable Light Emitting Polymer
with Pixdro LP50-Ink Formulation
for Inkjet Printing of MEH: PPV

Svetlana P. Jose, Krishnamanohara, Madhu Seetharaman,
Dennis Cherian, Chinmay Bapat, S. Juliane Tripathi
and Monica Katiyar

Abstract Organic Light Emitting Diodes (OLEDs) are a promising technology for
lighting and display applications. Traditionally, OLEDs are manufactured using
cost-intense conventional vacuum processing technology. Printing technologies
have been projected as cost efficient alternative (Amruth et al. in Display and
imaging, pp. 339–358, 2016 [1]). Recently inkjet printing has emerged as a leading
technology for the deposition of organic semiconductor films in a wide range of the
electronic applications. In this paper we discuss the formulation of light emitter ink
and challenges in using inkjet printing of the light emitting layer for OLEDs.

23.1 Introduction

The major cost factor in manufacturing OLED is materials, especially the light
emitter. Hence cost reduction requires optimized material utilization. While tradi-
tional methods such as evaporation and spin coating are wasteful, printing methods
such as inkjet printing efficiently deposit material only in the area and in the quantity
that is required. Poly [2-methoxy-5-(2-ethylhexyloxy)-1, 4-phenylenevinylene]
(MEH-PPV) is a well-known light emitter used in spin coated OLED.
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When choosing solvents for inkjet printing several aspects need to be
considered:

(1) Solubility: For solution processing, and printing in particular it is important to
dissolve a suitable amount of the molecule. The concentration needs to be
optimized with regards of required wet film thickness and viscosity. Toluene,
chloroform, xylene, dichlorobenzene and tetrahydrofuran have been described
as suitable solvents for MEH-PPV [2].

(2) Compatibility: Printing ink needs to be compatible with both the printing
equipment and the printing process itself. Inkjet printing has stringent
requirements for the ink characteristics, such as surface tension, viscosity and
boiling point. Additionally, the solvents used must be chemically compatible
with all parts of the inkjet print head. Material compatibility rules out materials
such as THF and Chloroform. In general, inkjet printing requires inks with a
boiling point above 100 °C to avoid premature drying of the ink directly on/in
the print head leading to nozzle clogging.

(3) Morphology and functionality: It is known that the solvent used influences
the supramolecular organization which in turn influences the overall device
performance [3]. With regards to device performance, chloroform has been
identified as the most suitable solvent, followed by toluene [4, 5].

(4) Underlying layers interaction: Firstly, underlying layers should not be
affected by the solvent(s). Further, inkjet printing deposits individual droplets
which need to merge into a closed film. Hence, good wetting—indicated by a
low contact angle—of the ink on the substrate is required.

(5) Drying: The required drying temperature needs to be compatible with the used
substrate and underlying layers, as well as with the light emitter itself. High
temperature curing can deteriorate the MEH: PPV leading to reduced device
performance. Further, the solvent(s) need to be chosen as to avoid drying
defects such as coffee ring formation and Marangoni defects (see Fig. 23.1).

Fig. 23.1 Defects observed in inkjet printed MEH: PPV film: Marangoni effects (left, center),
coffee ring effect with slip stick behavior (right)
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23.2 Experimental

HSP (Hansen solubility Parameters) [6] were used to find the optimum solvent and
solvent combinations. Using the HSPiP software acetophenone and toluene were
identified as optimum solvents.

MEH: PPV of 40,000–70,000 molecular weight was purchased from Sigma
Aldrich. Solvents of AR grade were purchased from Fisnar. Surfactant used was
Triton X-100. The ink was made by adding MEH: PPV to the solvent or solvent
mixture followed by 1 h of sonication and stirring for at least 48 h. Prior of filling
the print head, the ink was sonicated for 1 h and filtered through a 0.45 µm filter.
The ink was characterized with the Lovis 2000 M/ME viscometer and the Data
physics OCA 15EC goniometer.

Several inks based on single solvents and solvent mixtures were prepared.
Selection criteria were viscosity, surface tension, contact angle, and the Z number
[7, 8]. To overcome drying defects as shown in Fig. 23.1, and surfactant was added
to the inks. The characteristics of the inks are given in Table 23.1. Ink 5 was
identified as the most suitable ink for further experiments.

All inkjet printing experiments were carried out using the Meyerburger Pixdro
LP50 platform with FujiFilm Dimatix SE-128 print heads with a drop volume of
30 pL and a nozzle diameter of 35 µm. PEDOT: PSS coated glass served as
substrate.

Different drying methods for the printed MEH: PPV were tested. Most suitable
drying was found to be 30 min on a hot plate under N2 shower which resulted in
fast leveling and least fringes. Further, it is believed that the usage of an inert gas
environment such as a N2 shower during annealing prevents oxidation of the MEH:
PPV and hence improves device performance.

Functionality of the MEH: PPV inks was tested in a standard OLED stack.
OLED characterization was done using Keithley 2400 source meter and spectro-
radiometer Konica Minolta CS1000 at room temperature.

Table 23.1 Ink parameters of different solvent mixture formulation for inkjet printing

Density
(g/cm3)

Viscosity
(mPas)

Surface tension
(mN/m)

Contact angle on
PEDOT: PSS (°)

Z
number

Ink1 1.115 2.2 29.8 12.3 15.9

Ink2 1.439 2.0 23.4 10.8 14.2

Ink3 1.094 2.5 32.2 9.5 16.7

Ink4 0.905 2.4 33.6 7.8 17.0

Ink5 0.949 3.2 33.9 12.0 11.3
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23.3 Results and Discussion

Jettability was improved by the use of solvent mixtures, i.e. by combining a high
boiling point solvent with a low boiling point solvent. The optimized Ink formu-
lation is given in Table 23.2.

Morphological Effects like dewetting, formation of rings and other Marangoni
flow induced defects were observed. Ring formation is caused by Marangoni flow
in the drop. Nature of the solute molecules, substrate, droplet size, and surrounding
environment affect the wettability of the ink on to the substrate. By combination of
different solvents the Marangoni flow and coffee ring formation can be suppressed.

Surfactant addition to the ink resulted in overall improved uniformity.
However, formation of fringes on the film was observed (see Fig. 23.2). This is due
to the precipitation of the surfactant and stain from the solution and the structural
rearrangements during annealing [9]. Further, adding of the surfactants significantly
affects the performance of the device. A significant drop in brightness of the device
compared to standard devices was observed. As the surfactant adsorbs at the
interfaces it alters work function and charge transport between layers.

Devices performance is shown in Fig. 23.3a–c, comparing the characteristics of
devices made with inkjet ink formulation and with standard spin coating ink for-
mulation. Inkjet ink devices show poor current efficiency compared to spin coating
ink. Reduction of current efficiency is presumably caused by the reduction in the
photoluminence quantum efficiency of the polymer by less favorable ink formu-
lation [10].

Table 23.2 Optimized Ink formulation for the inkjet printable light emitting polymer

Toluene Acetophenone Triton Total
solvent

MEH:
PPV

Total Solid
content

0.389 g 0.530 g 0.035 g 0.955 g 0.006 g 0.961 g 6.24 mg/
ml

Fig. 23.2 Printed MEH: PPV films with surfactant (left, middle) and without surfactant (right)
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Fig. 23.3 a: Brightness
versus current density
characteristics of the spin
coated devices made from
standard formulation versus
inkjet formulation.
b Brightness versus voltage
characteristics of the spin
coated devices made from
standard formulation versus
inkjet formulation. c Current
density versus voltage
characteristics of the spin
coated devices made from
standard formulation versus
inkjet formulation
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Chapter 24
Transport Properties and Sub-band
Modulation of the SWCNT Based
Nano-scale Transistors

Surender Pratap and Niladri Sarkar

Abstract We apply NEGF formalism on a Single Walled Carbon Nano Tube
(SWCNT) based transistor under which it is treated as an open quantum system
where the Schrodinger equation for the channel is given as (H + R)w(r) + (S) = Ew
(r). Here, (S) is the source term arising due to the channel/contact hybridization and
‘R’ is the self-energy term which is a complex matrix whose real part is related to
the corrections in the channel eigenstate energies and imaginary part is related to the
broadening of the channel eigenstates. For example, a one-level channel gets
hybridized to a Lorentzian density of states under contact.

24.1 Introduction

Rapid advancements in the miniaturization of integrated circuits in the field of
Electronics and Computer technologies have shrunk the Gate length of the present
day MOSFET to an order of 45 nm or so. As the overall dimensions of the FET
decrease, the role of the MOSFET channel and the interesting physics of source and
drain contacts and the scattering issues due to electron-phonon interaction in the
channel affecting the overall device performance has become an important area of
research in Nano-Scale device physics [1–3]. Several studies have been performed
on various gate geometries starting from a planar single and dual gate MOSFET to
SWCNT based MOSFETs [4–8]. The reason for such rigorous studies which
involve advanced concepts of quantum and non-equilibrium statistical mechanics is
due to the very fundamental nature of the bottom up approach which is applied here
to study the device physics from the atomic scale to the molecular scale which will
be the possible length scales of the futuristic devices [9–12]. Up to now, the present
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devices are modeled with the drift-diffusive transport theory [13, 14]. This is
because the development of the devices happened in the top down manner. It is
shown experimentally that the gate length can be reduced to the molecular level by
the substitution of silicon with CNT and DNA based structures [15–20]. Under such
circumstances, the nature of the carrier transport and the device performance cannot
be understood properly from the present ohms law based on drift-diffusive transport
models. In order to develop the understanding and the theory for these futuristic
devices, a completely new model is established, where the role of the source and
drain contacts with the device is understood in terms of the self-energy matrices [1–
3]. Under this approach the modeling is done by treating the device as an open
quantum system where the Schrodinger equation in the channel is given as
E � H � R½ � wj i ¼ S½ �, where S½ � is the source term and ‘R’ is the self-energy term
in the Hamiltonian. Here, we apply an effective simulation procedure to study the
Physics of the Nano-Scale devices using Self-consistent Quantum Methods
(SCQM) and Non-equilibrium Green’s Function (NEGF) method [21–36].

The device we study here is a SWCNT based MOSFET which is shown in
Fig. 24.1a. We study the output characteristics of this device using the self-
consistent NEGF procedure which is shown in Fig. 24.1b. Also the first two
sub-bands responsible for the carrier transport in the CNT channel are calculated.
When we vary VDS from 0 to 1 V, the device almost replicates the behavior of a
normal MOSFET showing the ON–OFF and saturation regimes. The sub-bands are
modulated according to the applied bias. Application of positive gate bias lowers
the overall sub-band energies. This work is divided into four sections. Section 24.2
briefly describe the theory, and the self-consistent NEGF procedure. Section 24.3
present NEGF results and finally we conclusions are summarized in Sect. 24.4.

Fig. 24.1 Schematic diagrams for a SWCNT-based coaxially gated nano-MOSFET and b the
self-consistent NEGF procedure
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24.2 Modeling of the SWCNT-Based MOSFET
as an Open Quantum System

The device we is a coaxially gated SWCNT based nanoscale transistor. In this
device, the diameter of the CNT is varied between 1 and 2 nm. The width of the
dielectric layer is taken to be equal to 2 nm. The gate length is taken to be equal to
25 nm. Now, the Schrodinger equation for the device channel under active oper-
ation becomes,

E � H � RS � RD � RSC½ � wj i ¼ S½ � ð24:1Þ

The Retarded Green’s function [G] for channel is obtained from (24.2) as:

E � H � RS � RD � RSC½ � wj i ¼ S½ �
wj i ¼ E � H0 � U � RS � RD � RSC½ ��1 S½ �
wj i ¼ G½ � S½ �

ð24:2Þ

RS, RD, and RSC are the self-energy matrices for the source terminal, drain
terminal and the scattering terminal of device. The transmission function, T(E) for
the channel is given as T Eð Þ ¼ Trace C1GC2Gþð Þ. Here, C1 and C2 are the
broadening terms which arise due to the coupling between the contacts and the
device channel [1]. Using the above expressions, the output characteristics of the
device is calculated from the following relation:

I ¼ q
h

� � Z1

�1
dET Eð Þ fS Eð Þ � fD Eð Þ½ � ð24:3Þ

Here, fS Eð Þ and fD Eð Þ are the Fermi-functions for the source and drain which
differs by an amount qVDS for low bias. The output characteristics of the device are
obtained from the self-consistent procedure where we solve the quantum transport
equation and the Poisson’s equations in an iterative manner. The device current and
the local electron density of the channel are obtained from the transport equation
and the diagonal elements of the channel density matrix, [q]. Now, when the device
is ON, the density matrix for the device is calculated from the electron correlation
function, Gn Eð Þ, which is the electron density per unit energy in the channel. The
density matrix is given as,

q½ � ¼ 1
2p

Z
dEGn Eð Þ ð24:4Þ
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where, the electron correlation function Gn Eð Þ is given as,

Gn ¼ G C1fS Eð ÞþC2fD Eð Þð ÞGþ : ð24:5Þ

24.3 NEGF Results for SWCNT-Based MOSFET

This section presents the NEGF results for SWCNT-based MOSFET. Figure 24.2
show the channel electron concentration for 25 nm Gate length. The inset of the
figure shows the sub-band profiles (1 and 2) under zero drain bias. Figure 24.3a, b
show the lowering of Sub-band 1 and Sub-band 2, when a positive gate bias is
applied. The energy bands are lowered as the gate voltage is varied from −0.6 to
0.3 V. The lowering of the bands plays an important role in the conductivity of the
channel. The conductivity of the channel get enhanced as lowering of the bands
bring more available energy states in the vicinity of the Fermi-level for conduction.
The position of the Fermi-Level is fixed here by the Drain voltage. If the Drain
voltage, VDS is fixed at zero voltage, then it would be an equilibrium condition.
However, if VDS is non-zero, then the difference in the Fermi functions would be
equal to qVDS in this case under low bias.

Figure 24.4 show the modulation of the sub-bands under the applied drain
voltages (a) 0.05 V and (b) 0.2 V. The lowering of the barrier in the source side
increases the transmission T(E) for the electrons in the channel. Figure 24.5a show
the lowering of the overall source-channel barrier energy under the application
positive gate bias. The gate bias is varied from −0.6 to +0.3 V. The drain voltage is
fixed at 0.2 V. Figure 24.5b show the I–V characteristics of the SWCNT transistor.
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Fig. 24.2 Channel electron
concentration when the device
is OFF under zero drain bias.
The inset of the figure shows
the sub-band (1 and 2) profile
of the CNT channel under
OFF condition. The gate
length of the device is taken
to be 25 nm in our simulation
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Fig. 24.3 a Sub-band 1 profiles (CB) and b sub-band 2 (VB) for the channel of the device under
the applied gate bias from −0.6 to 0.3 V. The device is in OFF state. The lowering of the
sub-bands due to the applied gate bias increases the channel conductivity and lowers the turn-on
voltage of the device

Fig. 24.4 Modulation of sub-bands under applied drain voltages of a 0.05 V and b 0.2 V. The
lowering of the barrier in the source side increases the transmission T(E) for the electrons in the
channel. The gate voltage is 0.3 V
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24.4 Conclusions

The devices under operation are discretized using finite-difference method and
represented as block diagonal matrices in the computational domain and are
modeled as an open quantum system. A self-consistent quantum methodology
based on NEGF procedure is applied here to study the transport properties and the
sub-band modulation of the of a SWCNT based MOSFET. Under this scheme, the
quantum transport equation and the Poisson equation are solved in tandem. Based
on the this scheme one can perform the physical modeling any nanoscale FET
device.
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Chapter 25
Modelling DC, RF and Noise Behavior
of AlGaN/GaN HEMT on SiC Substrate

Madhulika, Himanshu Pandey, Meenu Garg,
Neelu Jain, Sanjeev Kumar, Amit Malik, D. S. Rawal,
Meena Mishra and Arun K. Singh

Abstract In this chapter, DC, RF and noise behaviour of AlGaN/GaN HEMT with
1 µm gate length are studied performing computer simulations using
Silvaco TCAD software. The device exhibits a maximum drain current of 645 mA/
mm and maximum transconductance of the 162 mS/mm at the gate voltage of 0 and
2.5 V, respectively. The cut-off frequency (fT) and maximum oscillation frequency
of about 9.74 and 32.24 GHz are estimated from the simulated results. In addition,
device exhibits a minimum noise figure of 10 dB at maximum frequency of
10 GHz. The simulated results are in good agreement with experimental results
suggesting AlGaN/GaN HEMT an optimal choice for high voltage and high power
applications.

25.1 Introduction

High power, low noise figure and high voltage operation enables the utilization of
AlGaN/GaN based high electron mobility transistor (HEMT) for various applica-
tions including power amplifiers, oscillators and mixers at microwave frequencies.
The most significant property of GaN-based device lies in its wurtzite crystal
structure leading to the spontaneous and piezoelectric polarization [1]. Recently, a
current gain cut-off frequency of 370 GHz and a maximum drain current density of
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1.5 A/mm is reported for a 30 nm gate GaN HEMT [2]. Despite excellent prop-
erties attained by GaN HEMTs, the key issue is to achieve sustainable device
performance. The primary reason for inconsistent performance of HEMT is due to
the presence of defects and traps existing in GaN bulk, AlGaN/GaN interface or on
the surface of the device. These traps can capture or release electrons and
accordingly alter carrier concentration inside the channel. The surface trapping,
which is induced due to surface states, can be reduced by proper passivation layer.
However, the traps induced in the buffer while fabrication cannot be resolved [3].

In this chapter, DC, RF and noise behaviour of 1 µm gate length AlGaN/GaN
HEMT is studied using Silvaco TCAD Software considering the effect of traps. To
emulate the two dimensional electron gas (2DEG) charge density a positive sheet
charge of +9.2 � 1012 cm−2 is defined at AlGaN/GaN interface. An acceptor trap
density of 1 � 1016 cm−2 is considered in bulk GaN and AlGaN material to
accurately simulate the traps present in the fabricated device.

25.2 Device Structure and Models Used

The computer simulations are carried out for electrical characterisation of AlGaN/
GaN based HEMT on semi-insulating 4H–SiC substrate. The epitaxial growth
layers are defined exactly as in the reference wafer i.e. *2.5 lm unintentional

Fig. 25.1 The schematic
structure of GaN HEMT used
for computer simulations
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doped GaN buffer layer, 1 nm AlN spacer layer, 27 nm Al0.27Ga0.73N barrier layer,
and 1 nm GaN cap layer. The geometry of device structure is shown in Fig. 25.1
demonstrating LG = 1 lm, WG = 100 lm, LSG = 1.5 lm, LGD = 3.5 lm. In order
to simulate GaN-based HEMTs specific definitions and use of physical models
describing material properties of nitride compounds are to be defined. It contains
many built-in physical models including polarization, mobility models and material
properties for the simulation of such devices [4].

The wurtzite phase of GaN HEMT possesses spontaneous polarization and
piezoelectric polarizations. The spontaneous polarization in III–V nitrides is due to
an intrinsic asymmetry of bonding at equilibrium. Moreover, the growth of AlGaN
on GaN results in tensile strain results in piezoelectric polarizations. The overall
polarization (PT) in AlGaN or GaN crystal structure, without considering the
influence of external electric fields, is the sum of the piezoelectric polarization
(strained polarization, PPZ) and the spontaneous polarization (unstrained polariza-
tion, PSP) and can be given as [5],

PT ¼ PPZðGaN;AlGaNÞþPSPðGaN;AlGaNÞ: ð1Þ

where,

PPZðGaN;AlGaNÞ ¼ PPZðGaNÞþPPZðAlGaNÞ: ð2Þ

and,

PSPðGaN;AlGaNÞ ¼ PSPðGaNÞþPSPðAlGaNÞ: ð3Þ

The electron mobility is modelled using two different mobility models such as
low-field mobility and field dependent mobility models. The Farhamand Caughy
Thomas Model (FMCT) is generally being used for low field mobility operation
and can be expressed as [6],

l0ðT;NÞ ¼ lmin
T
300

� �b1

þ lmax � lminð Þ T
300

� �b2
1þ N

Nref
T
300ð Þb3

� �aðT=300Þb4 : ð4Þ

where T is the temperature, N is the total doping density, and a, b1, b2, b3, µmin,
µmax, Nref are fitting parameters and can be determined using MonteCarlo method
and/or experimental results. An explicit mobility model based on Monte Carlo data
is used for higher fields termed as field dependent mobility model (FLDMOB).
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Field dependent mobility model provides a precise characterization of the electron
mobility and is given as [5],

lnðEÞ ¼ ln0
1

1þ ln0E
VSAT

� 	b

2
64

3
75
1=b

: ð5Þ

where, E, µn0 and µp0 are parallel electric field, low-field electron and hole
mobilities, respectively.

25.3 Results and Discussion

Figure 25.2a demonstrates the simulated and experimental output characteristics of
the device at room temperature. The voltage at gate terminal is varied from 0 to
−5 V. The device exhibited drain saturation current of 645 mA/mm at the gate
source voltage of 0 V and drain source voltage of 6 V. The threshold voltage of
−5 V for the device is obtained as shown in Fig. 25.2b. The simulated results are in
well consonance with the experimental results in Figs. 25.2a, b. The transcon-
ductance of the device can be estimated by taking the ratio of change in drain
current with respect to change in gate to source voltage. The maximum transcon-
ductance of the 162 mS/mm is obtained at the gate voltage of −2.5 V as shown in
Fig. 25.2b. The high transconductance from the device is desirable to achieve high
cut-off frequency and the maximum frequency of oscillation.

The RF performances of the device can be determined from the cut-off frequency
(fT), maximum frequency of oscillation (fmax), and minimum noise figure. The
current gain cut-off frequency can be determined from short-circuit conditions at the

Fig. 25.2 a The output characteristic of GaN based HEMT, b transfer and transconductance
characteristics demonstrates the maximum drain current of 645 mA/mm and maximum
transconductance of the 162 mS/mm at the gate voltage of 0 and 2.5 V, respectively
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output where current gain becomes unity. On the other hand, the maximum fre-
quency of oscillation is defined as a frequency at which the unilateral power gain of
the device turns to unity [7, 8]. The fT and fmax for the simulated device are found to
be around 9.74 and 32.24 GHz, respectively as shown in Fig. 25.3.

The noise figure which defines the figure of merit is one of the important
parameters predicting noise properties for HEMTs. It further measures the noise
that is being added to the signal while reaching to the load [9]. The device exhibits
minimum noise figure (NF) and associated gain of 5 and 14 dB at the operating
frequency of 10 GHz as shown in Fig. 25.4.

Fig. 25.3 The simulated fT
and fmax of AlGaN/GaN based
HEMT with a gate width of
100 µm are found to be
around 9.74 and 32.24 GHz,
respectively at the bias
voltage (VDS) of 2 V

Fig. 25.4 The simulated
minimum noise figure
(NF) and associated power
gain (Ga) values as a function
of frequency of operation
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25.4 Conclusion

In this chapter, we have carried out the systematic simulation studies of AlGaN/
GaN HEMT and obtained results are compared with the experimental data. The
device drain saturation current of 645 mA/mm at gate source voltage of 0 V and
drain source voltage of 6 V is achieved. The maximum transconductance (gmax) of
162 mS/mm is measured at VGS of −2.5 V and VDS of 5 V. The RF and noise
characteristics of GaN HEMT predicting maximum cut-off frequency and maxi-
mum oscillation frequency of 9.74 and 32.24 GHz, respectively. The obtained
results are simulated considering the effect of GaN traps and matches to the
experimental results which suggests that the proposed simulation models can be
utilized for predicting device performances even at very high frequency and high
power applications.
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Chapter 26
Device Optimization of E-Mode N-Polar
GaN MOS-HEMT for Low Noise RF
and Microwave Applications

D. K. Panda and T. R. Lenka

Abstract In this paper the effect of different device parameters on noise perfor-
mance of enhancement mode N-polar GaN MOS-HEMT is investigated. Different
device parameters like gate length, gate geometry, gate position, oxide thickness
and AlGaN composition, are varied using TCAD simulations to access the noise
performance of the device. The variation of different noise parameters such as
minimum noise figure and noise resistance at different frequency with respect to the
device parameters are studied.

26.1 Introduction

Enhancement mode GaN-based high electron mobility transistor (HEMT) is one of
the most important candidates for radio frequency integrated circuit (RFIC) design
due to its excellent microwave and noise performances [1]. These devices have
excellent noise figure, high temperature, high power, high frequency [2], higher
breakdown voltage and good radiation hardness which makes it attractive for low
noise applications [3, 4]. Due to positive threshold voltage and high breakdown
voltage GaN-based low noise amplifiers (LNAs) [5] can avoid limiter circuit for
protection and hence, give rise to simplified circuit design, improved robustness and
reduced cost.

High frequency and low noise characteristics of GaN HEMT can be obtained by
scaling down the device both vertically and laterally. It is crucial to research the
impact of downscaling on the noise performances, so that it can provide vital data to
optimize the device structure. N-polar GaN MOS-HEMT [6] devices are the leading
candidates for short channel enhancement mode low noise application. Gate leak-
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age current, parasitic resistance and capacitance are the main limiting factors for
noise performance of GaN MOS-HEMT [3, 4]. So in this paper, we report the effect
of these factors with respect to different device parameters such as gate length, gate
geometry, gate position, oxide thickness, and AlGaN composition.

The reminder of the paper is organized as follows. In Sect. 26.2 cross sectional
device structure of N-polar GaN MOS-HEMT along with models used for device
simulation is presented. Results and discussions are presented in Sect. 26.3. Finally
the conclusion of the paper is drawn in Sect. 26.4.

26.2 Device Structure and Noise Model

An explicit device structure of the enhancement mode N-polar GaN MOS-HEMT
having double deck T-shaped metal gate is presented in Fig. 26.1. From top to
bottom the device is composed of 5 nm GaN channel followed by 2 nm AlN back
barrier, 2.5 nm AlN cap layer, 5 nm unintentionally doped (UID) Al0.35Ga0.65N
layer, 30 nm graded AlGaN modulation doped back barrier and finally GaN buffer
grown on SiC substrate. A stack of two high-k dielectric layers of 2.5 nm ZrO2 and
2 nm HfO2 are used to maintain the EOT (effective oxide thickness). The output
conductance is one of the critical parameters for analog circuit design and in this
proposed device structure it can be minimized by using a graded AlGaN modula-
tion doped back barrier. Removal of AlN layers from the source and drain access
regions maintains the 2DEG under both the sidewalls.

The parasitic capacitance and resistance of the device are lowered by using
double decked T-structure gate. The layout of the gate consists of wide head of
0.9 µm, middle footprint of 300 nm and narrow bottom footprint of 135 nm,
lowering of parasitic capacitance and resistance ultimately help in reducing both
noise figure and noise resistance of the device. The surface depletion, depletion of

Fig. 26.1 Cross-sectional
view of N-polar GaN
MOSHEMT
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the 2DEG by top AlN layer and depletion formed due to trapped charges of gate
oxide are solely responsible for the E-mode operation of the device. The sidewall
passivation layer of the device consists of a 40 nm SiNx which minimizes the effect
of gate leakage current and thereby reducing noise.

In order to study the noise performance of any device, the noise parameters such
as noise figure and noise resistance are considered. The minimum noise figure for
GaN HEMT given by Puccel model [7] is expressed as

Fmin ¼ 1þ 2pCgs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rs þRg

KT

r

ffiffiffiffiffiffi

Si2d
g2m

s

f ð26:1Þ

where, gm is the transconductance, Sid drain current noise PSD, Rs and Rg are the
parasitic source and gate resistances respectively, f is the operating frequency. Here
the cut-off frequency (fT) is approximated as fT ¼ gm

2pCgs
. The drain to source resis-

tance of GaN HEMT is strongly dependent on the ratio of gate length to barrier
layer thickness (i.e. Lg/tbar) and is experimentally [8] approximated as

Rds ¼ 6:5� 100:065Lg=tbar ð26:2Þ

The noise resistance (Rn) of the device which relates the noise figure (NF) and
minimum noise figure (NFmin) must be low and is given by [7]

Rn ¼ 4KT
S2id

ð26:3Þ

26.3 Results and Discussions

The enhancement mode n-polar MOS-HEMT with different gate geometry like field
plate shaped gate, T-shaped gate and double T-shaped gate are simulated using
commercially available Atlas TCAD. Out of all these geometry double T-shaped
gate structure shows less noise figure of 0.72 dB at a frequency of 20 GHz which is
the lowest as reported in the previously reported literatures for enhancement mode
HEMTs because the parasitic resistance and capacitance are lower in this case.

Figure 26.2 shows NFmin with respect to aspect ratios (Lg/tbar) for different
barrier layer thickness. It shows that NFmin increases with respect to barrier layer
thickness as the parasitic resistance increases in accordance with Eq. (26.2).
Similarly, Fig. 26.3 represents the NFmin and Rn with the variation of frequency for
different Al mole fractions of 0.15, 0.20, 0.25 and 0.35 of the AlGaN layer. The
AlGaN layer is used to reduce the output conductance (gd). It is observed that with
the increase in Al concentration the output conductance increases and hence the
noise figure and noise resistance which are strongly interdependent with each other.
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Figure 26.4 represents NFmin and Rn variation with respect to drain current for
different oxide thickness of ZrO2 and HfO2. It is observed that NFmin and Rn are
independent of oxide thickness. Since the gate leakage current is reduced due to the
presence of high-k dielectric layer, NFmin and Rn must decrease with increase in
oxide thickness. But at the same time the gate capacitance increases due the
presence of high-k dielectric and hence NFmin and Rn increase. Both these effects
are opposite to each other and this might be the reason of independency of NFmin

and Rn with oxide thickness.
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26.4 Conclusion

A new 135 nm E-mode N-polar GaN MOS-HEMT structure with double deck
T-shaped gate is proposed which shows better noise performance as compared to
T-shaped and field-plate gate structures. It is concluded that GaN MOS-HEMT with
lower aspect ratio, with appropriate Al mole fraction and oxide thickness gives
optimized noise performance. Therefore in order to get low noise performance of
MOS-HEMT for RF and Microwave applications, a trade-off between device
geometry, oxide thickness and Al composition is required.
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Chapter 27
60Coc Irradiation Effects
on I–V Characteristics
of AlGaN/GaN Schottky Diodes

Chandan Sharma, Robert Laishram, Amit, D. S. Rawal,
Seema Vinayak and Rajendra Singh

Abstract AlGaN/GaN Schottky diodes of variable area have been exposed to
gamma radiation. These diodes have been irradiated up to a cumulative dose of 104

Gy. The effect of gamma irradiation on the current–voltage (I–V) characteristics of
the diodes before and after gamma exposure has been investigated. The I–
V characteristics show a shift in the turn-on voltage and improvement in the reverse
Schottky current after the irradiation. Parameters like Schottky barrier height and
ideality factor has also been calculated from the diode characteristics.

27.1 Introduction

The III-Nitride semiconductor materials continue to attract considerable research
interest due to their several unique properties like wide band gap, high cohesive
strength of their N–Ga and N–Al bonds, low thermal carrier generation rates and
large breakdown fields [1–3]. Due to these properties III-Nitride semiconductor
based devices are continually investigated under extreme conditions like high
temperature and radiation harsh environment [4]. One of the major application areas
for GaN devices is in outer space where such devices are deployed in satellite
communication systems [5]. Therefore study on GaN devices under various radi-
ation environments (like proton irradiation, gamma irradiations) is quite vital from
device reliability point of view. In the present study we have electrically charac-
terized the AlGaN/GaN Schottky diodes before and after c ray irradiation with a
cumulative high dose of gamma radiations of the order of 60 kGy.
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27.2 Experimental Detail

Schottky diodes of variable areas were fabricated on AlGaN/GaN high electron
mobility transistor (HEMT) structure grown on SiC substrate. The epi-layers were
grown through in-house metal oxide chemical vapour deposition (MOCVD) tech-
nique. Ni/Au metal scheme was used for the schottky contact and Ti/Al/Ni/Au for
the ohmic contact which was deposited through the e-beam evaporation. The diodes
were electrically characterized through Agilent Semiconductor Parametric Analyzer
B1500. Various dimensions of the diodes and c-ray dose have been given in
Table 27.1.

27.3 Results

Figures 27.1 and 27.2 show the forward/reverse characteristics of different area
diodes at different doses of c radiation. We can see that there is no change in
forward behavior in case of diode of area (15 � 15) lm2 whereas there is maxi-
mum change in case of diode of area (75 � 75) lm2. Similarly in case of reverse
behavior improvement in leakage current is more in case of diode with maximum
area than compared to diode with minimum area.

Table 27.2 compares the calculated values of Schottky barrier height before the
radiation and after the final cumulative dose of 60 kGy of c irradiation. The dif-
ference in the value of barrier height increases with increase in the area of the diode.

Table 27.1 Dimension of
diodes and gamma ray dose

Diode area (µm)2 Dose c-radiation (kGy)

15 � 15 10, 30, 60

40 � 40 10, 30, 60

65 � 65 10, 30, 60

75 � 75 10, 30, 60
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27.4 Conclusion

Initial dose of gamma radiation was found to induce a slight shift in the turn-on
voltage of the diode along with lowering in the Schottky barrier height. However, it
was found that in the reverse direction there is an improvement in the Schottky
reverse leakage behavior of the diodes. One of the main contribution to the reverse
leakage current in AlGaN/GaN diodes is through traps assisted tunneling. It is
expected that the local heating induced by the gamma radiation anneals out the traps
responsible for reverse leakage current through tunneling. This induced local
heating due to irradiation is more pronounced when the area is more. Hence there is
more change in the diode characteristics with area 75 � 75 lm2 as compared to the
diode of area 15 � 15 lm2.

Fig. 27.1 Change in Schottky forward characteristics due to c irradiation in different area diodes
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Fig. 27.2 Change in schottky reverse characteristics due to c irradiation in different area diodes

Table 27.2 Calculated barrier height before and after irradiation

Area
(µm)2

Barrier height (ФB-eV) (before
radiation)

Barrier height (ФB-eV) (after radiation)
60 kGy

15 � 15 0.55 0.55

40 � 40 0.57 0.55

65 � 65 0.54 0.51

75 � 75 0.59 0.54
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Chapter 28
Effect of AlGaN Barrier Thickness
on Trapping Characteristics
in AlGaN/GaN Heterostructures

Apurba Chakraborty, Saptarsi Ghosh, Subhashis Das, Ankush Bag
and Dhrubes Biswas

Abstract Aluminum Gallium Nitride (AlGaN) barrier thickness dependent trap-
ping characteristic of AlGaN/GaN heterostructure is investigated by frequency
dependent conductance measurement. The conductance measurement in depletion
region biases (−4.8 to −3.2 V) shows that the Al0:3Ga0:7N 18 nmð Þ=GaN structure
suffers from both the surface (metal/AlGaN interface of gate region) and interface
(AlGaN/GaN interface of channel region) trapping states, whereas the
Al0:3Ga0:7N 25 nmð Þ=GaN structure with thicker AlGaN barrier (25 nm) layer
suffers from only interface trap energy states in the depletion bias region (−6.0 to
−4.2 V). The calculated surface trap time constants (*2 ls) are found to be very
less in Al0:3Ga0:7N 18 nmð Þ=GaN structure. This lower time constant is correlated to
the electric field induced tunneling process for de-trapping of surface trap states.

28.1 Introduction

Gallium Nitride (GaN) and its related compound based semiconductor devices are
widely considered a potential candidate for next generation high power and high
frequency applications [1]. Trap states in AlGaN/GaN based heterostructures are
studied by frequency dependent conductance method [2], Deep-level transient
spectroscopy (DLTS) and current transient analysis [3].
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28.2 Aim of the Study

In this work, the dependence of AlGaN barrier thickness in trapping characteristics
of AlGaN/GaN heterostructure is investigated by frequency dependent conductance
measurement. We observed that the Al0:3Ga0:7N 18 nmð Þ=GaN structure suffers
from two kinds of trapping energy state in the depletion region bias (from −4.8 to
3.2 V): one is the surface, and another is interface trapping state. However, the
Al0:3Ga0:7N 25ð Þ=GaN structure shows only interface trap levels in the same
depletion region of biases (−6.0 to −4.6 V); No surface trapping effect is noticed in
this depletion region bias.

28.3 Device Structure

Two AlGaN/GaN heterostructures are grown by plasma assisted molecular beam
epitaxy (PA-MBE). Both the structures consist of 10 nm AlN nucleation layer, 1.5
micron GaN buffer, AlGaN (Al = 30%) barrier layer and 2 nm GaN cap. The
thickness of AlGaN layer is 18 nm (sample 1) and 25 nm (sample 2). The C-V
measurement revealed the channel pinch-off voltages are −4.0 and −4.7 V for
sample 1 and sample 2 respectively. The depletion depth profile by electrochemical
CV (ECV) is shown in Fig. 28.1a, which confirms the thickness of AlGaN barrier
layer in both the samples. Figure 28.1b shows the room temperature CV at 20 kHz,
where we can see the distinct depletion and accumulation region voltage biases.

Fig. 28.1 a Depletion depth profile, b room temperature CV measurement for both the samples
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28.4 Result and Discussion

The frequency dependent conductance (GP=x) is shown in Fig. 28.2a, b for both
the samples near to the depletion region biases. Figure 28.2a shows that two trap
states are detected for Al0:3Ga0:7N 18 nmð Þ=GaN (sample 1) in the voltage range
−4.8 to −3.2 V: one is surface state and another is interface state. On the other
hand, the Al0:3Ga0:7N 25ð Þ=GaN (sample 2) is affected by interface state only as
shown in Fig. 28.2b. Two trap levels of sample 1 are extracted with time constants
of (2.6–4.59) ls (surface) and (113.4–33.8) ls (interface) in the depletion region of
biases (−4.8 to −3.2 V), whereas the sample 2 structure yields only interface trap
state with time constant of (86.8–33.3) ls in voltage range of −6.0 to −4.2 V.

The calculated surface trap time constants in sample 1 are found to be very less.
This lesser value of time constant is correlated with the electric field induced
de-trapping of surface state through tunneling process in Al0:3Ga0:7N 18 nmð Þ=GaN
(sample 1). By tunneling mechanism, the trapped surface electron can easily reach
at the bottom of the conduction band rather than emission as shown in Fig. 28.2c.
However, the electric field in sample 2 is not sufficiently high to de-trap the surface
state by tunneling mechanism.

28.5 Conclusion

The thinner AlGaN barrier AlGaN/GaN heterostructure suffers from both surface
and interfaces trap states, whereas the AlGaN/GaN with thicker barrier
heterostructure affected by interface trap state only. The surface trap time constants
in thinner AlGaN barrier AlGaN/GaN heterostructure are found to be very small.
This phenomenon is correlated to the de-trapping through tunnelling process of
surface states.

Fig. 28.2 Frequency dependent Conductance ðGP=xÞ plot for a sample 1 and b sample 2 near to
the depletion region bias. c De-trapping through tunneling of surface state in sample 1 is
demonstrated. For sample 2, this process is not seen
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Chapter 29
Effect of Surface Treatments
on the Evolution of Microstructures
in GaN Thin Films and GaN/AlGaN/
GaN Heterostructures

Mansi Agrawal, B. R. Mehta and R. Muralidharan

Abstract In this study the effect of hot phosphoric acid treatment on the evolution
of microstructures in plasma assisted molecular beam epitaxy grown GaN thin films
and GaN/AlGaN/GaN heterostructures is investigated. The surface morphology of
the as grown samples and chemically treated samples is studied using field emission
scanning electron microscopy which reveal the formation of different geometrical
microstructures namely dodecagonal pyramids in one sample and hexagonal pits in
the other after chemical treatment due to the different polar nature of GaN in both
the samples.

29.1 Introduction

GaN lacks center of inversion symmetry along the c-plane [1] due to which it exists
in two faces namely Ga-polar and N-polar. The films along +c plane are Ga-polar
while along −c plane are N-polar. The reversed direction of polarization and highly
reactive surface of N-polar GaN films in comparison to Ga-polar films make them
suitable for a wide variety of applications. Light emitting diodes [2, 3] based on
N-polar GaN films [4–6] have attracted extensive interest due to their high effi-
ciency. In addition the reactive nature of N-polar GaN makes them suitable for
sensing applications [7] due to high sensitivity and faster response time. There have
been reports of N-polar hydrogen based sensors [8] which finds applications in
hydrogen fuelled automobiles. N-polar films are also used for indium nitride growth
due to the high stability of indium atoms on N-polar surface. High electron mobility
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transistors [9, 10] with high cut off frequency is another application of N-polar GaN
films as they offer a lower contact resistance [11] in comparison to Ga-polar
HEMTS. Thus, due to the wide applications of N-polar GaN films wet chemical
treatments are used to determine the polarity of GaN films in this study which is the
main motivation of the study.

29.2 Aim of the Study

The main objective of the study is to determine the polarity in GaN thin films and
GaN/AlGaN/GaN heterostructures using chemical treatments such as hot phos-
phoric acid which finds applications in high power and high frequency devices.

29.3 Methods

The sample ‘A’ consisting of plasma assisted molecular beam epitaxy (PAMBE)
grown GaN thin film on sapphire substrate was dipped in phosphoric acid at 80 °C
for 10 min. The sample ‘B’ consisting of PAMBE grown GaN/AlGaN/GaN epi-
layers on sapphire substrate was also dipped in phosphoric acid at 180 °C for
20 min. In addition the sample ‘B’ was also dipped in molten KOH for 1 min. The
surface morphology of the chemically treated samples was studied using Field
Emission Scanning Electron Microscopy.

29.4 Results

FESEM results reveal the formation of dodecagonal pyramids for sample A after
etching with hot phosphoric acid as shown in Fig. 29.1 while hexagonal pits for
sample B after treatment with both hot phosphoric acid and molten KOH as shown
in Fig. 29.2a, b respectively. The difference in the microstructures in both the
samples after chemical treatment can be attributed to the difference in polarity of
GaN.
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29.5 Conclusions

The polarity of GaN films has been determined using hot phosphoric acid etching
followed by FESEM imaging. The formation of dodecagonal pyramids in sample A
confirmed that the GaN layer is N-polar while the hexagonal pits in sample B
indicated the Ga-polar nature of GaN. It is also observed that N-polar films etched
more quickly in comparison to Ga-polar films. The slow etch rate in Ga-polar films
can be attributed to defect mediated etching of GaN films.

Acknowledgements Mansi Agrawal thanks Solid State Physics laboratory for the research
funding. We also acknowledge the support of GaN MBE group and Characterization group at
SSPL.

Fig. 29.1 SEM image of sample A after H3PO4 dip @80 °C for 10 min

Fig. 29.2 SEM image of sample B after a H3PO4 dip @180 °C for 20 min, b molten KOH dip for
1 min
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Chapter 30
Effect of Argon Plasma Treatment
on Ohmic Contact Formation
in AlGaN/GaN HEMTs

Sonalee Kapoor, Robert Laishram, Hemant Saini, Somna Mahajan,
Rupesh Kumar Chaubey, D. S. Rawal and Seeema Vinayak

Abstract GaN/AlGaN based High Electron Mobility Transistors (HEMTs) are
being widely developed and used for variety of microwave power applications due
to their superior electron transport properties. In the present study, effect of HCl
pre-metal dip followed by low power Argon (Ar) plasma exposure for fixed time is
studied, during HEMT fabrication, and reported. The electrical characterization of
the source/drain ohmic contacts is carried out using circular Transmission Line
Model (c-TLM) method. The surface morphology and the structural analysis of the
contacts are evaluated using XRD, SEM, AFM and SIMS. Ti/Al based metal
systems displayed lower contact resistance and increase in device current values Ids
when exposed to Ar plasma. The improvement of Rc values is correlated to low-
ering of barrier height as indicated by XPS analysis. This is mainly due to pref-
erential sputtering of N during Ar plasma treatment that creates N vacancies on
GaN surface increasing surface doping concentration suitable for ohmic contacts.
Hence Ar plasma treatment along with HCl pre-metal dip facilitates achieving
lower contact resistance of ohmic contacts.

30.1 Introduction

Gallium nitride (GaN) is a direct transition wide band gap III–V compound
semiconductor commonly used in light emitting and laser diodes [1, 2]. In addition,
its high electron mobility, breakdown voltage and saturated electron drift velocity
make GaN suitable for high frequency and high power electronic devices [3–5].
The good chemical inactivity and thermal stability also make GaN useful in harsh
environments commonly encountered in satellite and military communications. The
device performance however is limited by the lack of high quality ohmic contacts to
AlGaN materials. The contact resistance may make a major contribution to device
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series resistance causing severe joules heating and premature device failure [6, 7].
Ti/Al/Ni/Au metal system is used widely to achieve ohmic contacts on AlGaN/GaN
layers [8, 9]. Till date, little effort has been directed towards a better understanding
of the effects of plasma treatment on the electrical properties of AlGaN and its
ohmic metallization. Reported studies indicate that plasma treatment can signifi-
cantly improve the quality of ohmic contacts [10]. Low resistance ohmic contacts
are crucial for GaN HEMT low noise applications and studies are being conducted
to minimize ohmic resistance in HEMT device by various treatments during
fabrication.

In the present study, ohmic contacts with Ti/Al/Ni/Au are subjected to Ar plasma
treatment and their behavior is studied. The results indicate that samples treated
with argon plasma exhibit better ohmicity with an increase in the Ids current. The
main objective of the study is to develop a GaN HEMT device suitable for low
noise applications.

30.2 Experimental Details

An AlGaN/GaN HEMT structure on 3-in. diameter SiC substrate is grown,
in-house, using metal organic chemical vapor deposition (MOCVD) technique. The
thickness of the undoped GaN buffer used is *2 µm. Then a *25 nm undoped
AlGaN barrier layer is grown. The carrier mobility and sheet carrier concentration
are *1800 cm2/Vs and 1 � 1013 cm−2 respectively. The fabrication process star-
ted with a thorough organic cleaning of the wafer, followed by source drain contact
formation. Source-Drain contacts are defined by photolithography, Ti/Al/Ni/Au
metal deposition, lift-off process followed by rapid thermal alloying (RTA).
A pre-metal dip of diluted HCl followed by Ar plasma exposure at varying RF
power for fixed time is carried out, using RF sputtering process, to study their effect
on ohmic characteristics. The electrical characterization of the contacts is carried
out using circular Transmission Line Model (c-TLM) method. The surface mor-
phology and the structure analysis of the contacts are evaluated using scanning
electron microscopy (SEM) and Atomic force microscopy (AFM). The outcome of
metallurgical reactions as a consequence of annealing is evaluated by glancing
angle X-ray diffraction technique (XRD) and secondary ion mass spectroscopy
(SIMS). Photoluminescence (PL) and X-ray photoelectron spectroscopy
(XPS) analysis is also carried out to study the effect of Ar plasma treatment on
ohmic contacts.
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30.3 Results and Discussions

Figure 30.1 depicts the XRD of ohmic contacts annealed at 820 °C. The presence
of TiN and TiAl peaks indicates the formation of good quality ohmic contacts. The
diffractogram of ohmic contact indicate peaks corresponding to TiN in addition to
the other peaks corresponding to AlAu2 and TiAl. The formation of desired TiN
compound is a necessary condition for ohmic contact formation confirming N
vacancies at the interface, enhancing tunneling current, essential for ohmic contact
formation [11, 12]. In addition, the presence of low resistance inter-metallic TiAl
compound further enhances electron tunneling through the interface and therefore
facilitates formation of low resistance ohmic contact. The SEM micrograph, as
shown in Fig. 30.2, suggests the formation of contacts with smooth surface mor-
phology. The formation of ohmic contacts is further supported by the SIMS profile
of the annealed contacts and is shown in Fig. 30.3. SIMS profile indicates that both
Ti and N signals maximize nearly at the same depth at the interface. This indicates
enhanced accumulation of N and Ti atoms resulting into strong probability of Ti
and N reaction at interface. These observations are in good agreement with XRD
which shows the presence of TiN peaks. TiN formation along with TiAl inter-
metallic is mainly responsible for low resistance ohmic contacts.

As indicated in Fig. 30.3, several solid phase reactions take place during the
annealing and these reactions, as mentioned below, are considered to be responsible
for the improvement in ohmic contact properties [13, 14].

(i) The dissolution of remaining native oxides by Ti.
(ii) The out-diffusion of N and the subsequent formation of N-deficient highly

doped interfacial layer.
(iii) The formation of low work function Ti-N and other interfacial alloys.

Figure 30.4 shows the AFM image of the sample treated with Ar plasma for 30 s
duration. This AFM image indicate good surface morphology with low rms surface
roughness. The rms surface roughness values for different samples is tabulated in
Table 30.1. It clearly shows that the roughness initially decreased from 0.8 nm

Fig. 30.1 Typical XRD
pattern of ohmic contact
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(untreated) to 0.6 nm when the samples were treated for 30 s (Fig. 30.4) and then it
increased to 1.6 nm when the duration increased to 1 min. This may be due to
sputtering of GaN surface with argon ions which remove nitrogen atoms from the
surface, thus creating nitrogen vacancies and generating gallium rich surfaces.

Initially sputtering leads to improved rms roughness due to sputter cleaning of
the surface but subsequently it increases due to a prolonged sputtering that may lead
to the formation of metallic Ga clusters or even a thin Ga film on the surface. In
both cases, Ga/N ratio is expected to increase with Ar ion energy following the
preferential loss of nitrogen from the surface. In other words, Ar plasma treatment
not only produces nitrogen vacancies on the surface, which is desirable for the
improvement of contact resistance (R), but also causes crystalline defects, that may
degrade the film quality and the contact resistance [15]. So, to use such a technique
for ohmic contact improvement, it is essential to select plasma parameters mainly
RF power and plasma time duration, through a design of experiments (DOE), in
such a way that the surface damage it causes does not suppress the expected
advantage.

Source

Drain

Fig. 30.2 SEM micrograph
of Source-Drain ohmic
contacts
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Fig. 30.3 SIMS profile of
annealed Source/Drain
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Figure 30.5 shows the room temperature PL spectra of the samples after Ar
plasma irradiation. All the samples exhibit a band edge (BE) emission of GaN
around 3.4 eV. The PL intensity of BE emission peak is varying with Ar irradiation,
initially increasing due to reduction in non-radiative recombination centers for
duration of 30 s probably due to sputter cleaning. Subsequently the PL intensity of
BE emission peak is decreasing for duration of 1 min and above. This is mainly due
to Ar irradiation that induces localized surface damage, which is reported to be
consisting of two defective layers in the surface region; one is the N-deficient
surface limited to top few mono-layers and the other is the defect propagation
region up to 100 nm, due to preferential etching of N. So, the former is in the
heavily damaged region corresponding up to probable range of the argon ions,
whereas the latter probably corresponds to the point defect diffusing region [16].

XPS analysis of the sample is also carried out for a better understanding and is
shown in Fig. 30.6. It is clear that the binding energy peak is shifting towards
higher binding energy when the sample is given Ar plasma treatment. The work
function related to AlGaN layer is fixed around 4 eV. So, that implies that the net
binding energy for the electron to eject from the AlGaN surface has been reduced

Fig. 30.4 AFM micrograph of GaN surface treated with 30 s of Ar plasma

Table 30.1 AFM surface
roughness for different Ar
plasma treated samples

Duration of Ar treatment
(min)

AFM surface roughness
(nm)

Untreated 0.80

0.5 0.60

1 1.60

2 1.55
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after Ar treatment. Therefore the argon treatment has led to upward shift in surface
fermi level, moving closer to the conduction band edge. The preferential sputtering
of N during the Argon treatment creates N vacancies, which act as shallow donors
in GaN [17–19] and increases the surface doping concentration. This leads to an
upward shift of the fermi level and a thinner barrier for electron transport. The
above result indicates that the plasma treatment enhances carrier tunneling,
resulting in an ohmic behavior of the as deposited metal contacts.

The RF power of 10 W at 8 mT process pressure for duration of 1 min is found
suitable as per our DOE. The optimization of RF power and time is very critical to
obtain better ohmicity as plasma treatment not only produces nitrogen vacancies on
the surface, which is desirable for the improvement of contact resistance (R), but
also causes crystalline defects, which can degrade the film quality and the contact
resistance.

Figure 30.7 shows I–V characteristics of ohmic contacts with different CTLM
spacing. The contact with metal stack exhibits the lowest Rc values between 0.3 and
0.6 X-mm at 820 °C of RTA alloying.

Fig. 30.5 PL spectra of the
GaN surface after Ar plasma
irradiation for different
durations

Fig. 30.6 XPS profile of
ohmic contact
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The contact resistance and the current values obtained in various wafers with
Argon treatment are tabulated in Table 30.2. It is observed that the argon treatment
leads to lowering of contact resistance along with increase in Idss of HEMT device.
This is in agreement with the XPS observation on the samples.

30.4 Conclusion

AlGaN/GaN HEMTs source and drain ohmic contacts of metal stack Ti/Al/Ni/Au
with good surface morphology are successfully fabricated. These contacts displayed
lower contact resistance and increase in device current values when exposed to Ar
plasma. The improvement of contact resistance, Rc values, is correlated with
lowering of barrier height as indicated by XPS analysis mainly due to increase in
nitrogen vacancy. Hence Argon treatment helped in achieving lower ohmic contact
resistance of AlGaN/GaN HEMTs.
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Fig. 30.7 IV characteristics of ohmic contacts with different CTLM spacing

Table 30.2 Contact resistance and the current values obtained in various wafers with Argon
treatment

Wafer Rc (X-mm) with
Ar

Rc (X-mm) without
Ar

Idss (mA) with
Ar

Idss (mA) without
Ar

1 0.25 0.36 330 285

2 0.40 0.47 365 356

3 0.35 0.71 375 300

4 0.41 0.55 350 320
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Chapter 31
Investigation on the Variation of Sheet
Resistance of RF Deposited Nichrome
Thin Films with Deposition Parameters

Ajay Kumar Visvkarma, Robert Laishram, Hemant Kumar Saini,
Rajeev Kumar Sawal, Sonalee Kapoor and D. S. Rawal

Abstract Nichrome thin films were deposited by Radio Frequency (RF) magnetron
sputtering with variable RF power and argon gas pressure at room temperature. It
was found that the sheet resistance (Rsh) varied with different deposition parameters.
Energy Dispersive Spectroscopy (EDS) results show that the composition of
deposited films were same. Scanning Electron Microscopy (SEM) characterization
reveals the formation of clusters with variable size during the deposition which may
be contributing to the change in the sheet resistance of the films.

31.1 Introduction

NICHROME which is an alloy of transition metals Nickel and Chromium has
generated keen interest as thin film resistors due to its incredible properties like high
resistivity, low temperature coefficient of resistance (TCR), good thermal and
electrical stability [1–4]. Thin film metal resistors have replaced the traditional
semiconductor based resistors for monolithic microwave integrated circuits
(MMICs) due to their better performance in MMICs [5]. In this paper we have
investigated the variation in sheet resistance of RF sputtered NiCr film with respect
to deposition parameters. SEM, EDS, XRD studies were carried out to determine
the surface morphology and composition of the films and co-relate the findings with
the variation in sheet resistance.

31.2 Experimental Detail

NiCr thin films of thickness 170 nm were deposited by RF magnetron sputtering
using Nichrome target with Ni:Cr at.% of 40:60, over 100 nm Silicon Nitride
(SiNx) grown by Plasma Enhanced Chemical Vapor Deposition (PECVD) on
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semi-insulating Gallium Arsenide (SI-GaAs) substrate. Deposition was carried out
with variable argon gas pressure and RF power. All depositions were carried out
after achieving a process chamber base vacuum better than 6 � 10−7 mTorr. Prior
to the actual deposition, NiCr target cleaning was done at 250 W of applied RF
power for 10 min to get clean surface. The thicknesses of the films were measured
by DEKTAK surface profiler. To study the change in resistivity with deposition
parameters six different samples were deposited at various RF power and Ar
pressure as listed in Table 31.1. Surface analysis was done through SEM using
Zeiss Supra-55 system and the elemental composition of the deposited films was
analyzed through EDS using Oxford 7426 model.

31.3 Result

The sheet resistance of the sputtered NiCr film shows a linear dependence on the RF
power and Ar pressure (Fig. 31.1). Since the composition of Nickel and Chromium
in NiCr alloy can affect the resistivity of film [6], EDS compositional analysis were
carried out to determine the alloy composition. It was observed that all the sputtered
films exhibit similar elemental composition of Ni:Cr at.% 40:60 within experimental
error consistent with the target composition (Fig. 31.2). SEM analysis shows cluster
formation with each cluster consisting of several grains. The clusters are merged
together to form bigger clusters or agglomerates resembling islands separated by
well defined boundaries which are visible in SEM images as dark random lines. The
density of islands was found to be dependent on the RF power and Argon pressure
with higher RF power and lower Ar pressure yielding films with higher island
density (Fig. 31.3). It is expected that the island boundaries could influence the
electrical resistivity of the film due to carrier scattering at the boundaries with higher
island boundary density giving rise to films with higher sheet resistance.

The XRD analysis was carried out to determine the crystallite size of the
deposited films (Fig. 31.4). The crystallite size was determined using Scherrer
formula, D ¼ Kk=b cos hb where K is the Scherrer constant taken to be 0.94 and k
is the wavelength of X-ray source which in our case is 0.154 nm for Cu-a1 and b
the FWHM. Since the crystallites are in the range of 5–6 nm in all the samples, it
cannot account for the observed variation in sheet resistance.

Tab. 31.1 Samples deposited at various RF power and Ar pressure

Sample name RF power (W) Ar gas pressure (mTorr) Deposition rate (Å/s)

A 250 6 0.6

B 250 8 0.3

C 250 10 0.2

D 300 6 0.7

E 300 8 0.4

F 300 10 0.3
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Fig. 31.1 Variation in Rsh with Argon pressure and RF power

Element Atomic %
Ni 59.34
Cr 40.66

Total 100

Fig. 31.2 EDS compositional spectra of NiCr film sputtered at 250 W and Ar pressure of
6 mTorr
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Fig. 31.3 SEM images of a Sample A, b Sample B, c Sample C, d Sample D, e Sample E,
f Sample F
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31.4 Conclusion

Lower gas pressure during deposition for a fix RF power yields higher sheet
resistance of the deposited film. Also increasing the RF power leads to increased
sheet resistance of the film. Compositional study concluded that the composition of
NiCr alloy does not change with RF power or Ar gas pressure and hence has no
relation to the observed variation in sheet resistance. The density of cluster island
boundaries which act as resistive barrier to the flow of carriers is likely to be
responsible for the observed variation in sheet resistance with higher boundary
density giving rise to higher sheet resistance of the films.
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Chapter 32
A Physics Based Analytical Model
for the Threshold Voltage
of a Normally-off AlGaN/GaN FinFET

Punyabrata Ghatak, Debashis Dutta and Navakanta Bhat

Abstract Gallium nitride (GaN) based transistors are advantageous for high
voltage power switching applications due to its superior material properties. In
power switching applications normally-off transistors are preferred for their fail-safe
operation at high voltages in addition to the advantages of lower power con-
sumption and simpler drive circuits. However, planar AlGaN/GaN high-electron
mobility transistors (HEMTs) are normally-on devices with negative threshold
voltage due to the presence of polarization induced two-dimensional electron gas
(2DEG) at the heterojunction at zero gate voltage. It has been experimentally
observed that a normally-on AlGaN/GaN FinFET can be transformed into a
normally-off transistor with positive threshold voltage by reducing the fin width. In
this paper a physics based analytical model for the threshold voltage of a AlGaN/
GaN FinFET is presented. It is seen that the strain induced in the channel region in
the piezoelectric GaN layer just below the heterojunction plays an important role in
determining the threshold voltage at narrow fin widths.

32.1 Introduction

Despite the advantages of Gallium nitride (GaN), due to its superior material
properties, for high voltage power switching applications, the large scale com-
mercial usage of GaN based transistors as power semiconductor devices has been
limited by the difficulty to achieve normally-off operation in AlGaN/GaN
high-electron mobility transistors (HEMT) [1]. Planar AlGaN/GaN HEMTs are
normally-on devices with negative threshold voltage due to the presence of

P. Ghatak (&) � D. Dutta
Ministry of Electronics and Information Technology, Government of India,
New Delhi 110003, India
e-mail: ghatakp@gmail.com

N. Bhat
Centre for Nano Science and Engineering, Indian Institute of Science,
Bengaluru 560012, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_32

205

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_32&amp;domain=pdf


polarization induced two-dimensional electron gas (2DEG) at the heterojunction at
zero gate voltage. It has been experimentally demonstrated that normally-off
operation with positive threshold voltage can be achieved in AlGaN/GaN FinFET
or Trigate architectures with narrow fin widths [2, 3]. Simulation studies of AlGaN/
GaN FinFET devices have revealed that the threshold voltage depends strongly on
the lateral device width and strain relaxation in the polar AlGaN and GaN layers
[4]. The Schottky barrier height due to the presence of metal side gates in FinFET
structure and the AlGaN alloy composition also have a considerable effect on
measured threshold voltages. An understanding of the underlying physics for such
behavior of the AlGaN/GaN FinFET at narrow fin width is attempted here for
interpreting experimental results and an analytical model for threshold voltage is
derived for more accurate device design.

32.2 Derivation of the Threshold Voltage Model
for Narrow Width AlGaN/GaN FinFET

32.2.1 Model Description

The AlGaN/GaN FinFET structure considered here consists of a pseudomorphic
AlGaN layer grown epitaxially along the [0001] direction on top of a narrow GaN
mesa structure called the ‘fin’. The crystal orientation is chosen such that the fin
width is along x-axis coinciding with the ð1210Þ direction in the basal plane and the
channel length along y-axis coinciding with the ð1010Þ direction. The polarization
induced 2DEG channel is formed just below the heterojunction in the GaN layer.
The gate control is exerted on the channel electrons from three sides of the device
(the top, as well as the left and right sides) over a gate length LG * 0.5 µm. The
lateral cross-sectional view of the AlGaN/GaN FinFET under the surrounding gate
is shown in Fig. 32.1. The source-drain channel length L for power switching
applications is *10 µm. In the figure, the GaN region is designated as region 1 and
AlGaN region is designated as region 2.

Since the lattice constant of GaN is greater than that of AlGaN, a tensile stress
exists in the AlGaN layer in maintaining perfect in plane atomic registry.
Simultaneously, the AlGaN layer also exerts a force on the underlying GaN layer
causing some compressive strain in the GaN side of the heterointerface [5]. This
effect is more pronounced for narrow fin width transistors due to strain relaxation in
AlGaN layer caused by its free lateral faces on both sides, unlike the case of a
structure with very large lateral dimensions where the edge effects can be consid-
ered to be insignificant. This compressive strain in the GaN buffer layer will be
maximum at the heterojunction and decrease rapidly towards the interior of the
layer. The resulting piezoelectric polarization of GaN can be expressed in terms of
the average compressive strain over the fin width W at the heterointerface. A clearer
physical insight of the potential and electric field distribution inside the device and
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consequently the value of 2DEG concentration are obtained when such strain in
GaN layer is included in analytical derivations.

32.2.2 Electric Potential Variation and Polarization Inside
Finite Fin Width AlGaN/GaN FinFET Structure

We consider near threshold regime in which the undoped barrier layer can be
assumed to be completely depleted of intrinsic carriers. We also assume that the
charge contribution due to unintentional doping in GaN is negligible. Then the
potential in the region below the heterojunction due to the top gate only is uniform
along the lateral width of the device. The presence of the side gates in FinFET
produces an additional potential modulation in the channel region under the gate.

For wurtzite material structures, only the z component of spontaneous polar-
ization PSP exists due to the six fold rotational symmetry of the [0001] axis. The
piezoelectric polarization PPZ arises from the in-plane biaxial strain induced in the
two polar materials by the lattice mismatch between GaN and AlGaN. For a per-
fectly coherent lattice the shear strains, which may cause warping within the
structure, can be considered to be zero. Then for the chosen set of coordinate axes,
the nonvanishing component of the piezoelectric polarization caused by biaxial
stress reduces to

PPZ
z ¼ e31exx þ e32eyy þ e33ezz ð32:1Þ

Fig. 32.1 Cross-section of AlGaN/GaN FinFET structure under the gate
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where eij’s denote the strain components and ekl denote the components of the
piezoelectric coefficient tensor along the z direction. Both PSP and PPZ are directed
along the ½0001� direction for a Ga-faced structure.

For coherent epitaxial layers, neglecting the additional strain due to difference in
thermal expansion between AlGaN and GaN, the biaxial strains exx and eyy are
determined by the atomic alignment in the c plane within the bilayer structure.
Since both AlGaN and GaN are strong piezoelectric materials, we must use the fully
coupled electromechanical equations to describe the stress inside the FinFET
structure [6]. Thus the piezoelectric polarization can be written as

PPZ
z ¼ e31 � e33

C13

C33

� �
exx þ eyy
� �þ e233

C33
Ez ð32:2Þ

where Cij’s are the components of the elastic stiffness tensor and Ez is the electric
field component along z direction.

From lateral symmetry of the cross section, the electric fields at the centre of the
fin due to the side gates mutually cancel each other to produce null effect on the
channel charge density there. The 2DEG charge density at the centre of the fin
depends only on the vertical electric field at the interface. Therefore in the region
around the centre of the fin in the lateral cross sectional xz plane, the Poisson
equation reduces to the two dimensional form

rt � �rt/ x; zð Þ ¼ �qn zð Þþ @

@z
PSP
z þPPZ

z

� � ð32:3Þ

where rt ¼ x̂ @
@x þ ẑ @

@z, / x; zð Þ is the electrostatic potential, � is the permittivity,
n zð Þ is the 2DEG distribution and q is the electron charge.

To solve this 2D Poisson equation, we write the potentials /1 x; zð Þ and /2 x; zð Þ
near the centre of the FinFET as

/1 x; zð Þ ¼ v1 zð Þþ u1 x; zð Þ ¼ v1 zð Þþ uL1 x; zð Þþ uR1 x; zð Þ ð32:4Þ

/2 x; zð Þ ¼ v2 zð Þþ u2 x; zð Þ ¼ v2 zð Þþ uL2 x; zð Þþ uR2 x; zð Þ ð32:5Þ

where v1 zð Þ and v2 zð Þ are the 1-D solutions of the Poisson’s equation satisfying top,
bottom and the dielectric boundary condition at the heterointerface and uLi x; zð Þ and
uRi x; zð Þ are the left side and right side solutions to the Laplace’s equation, such that

uLi topð Þ ¼ uLi bottomð Þ ¼ uLi right side gate edgeð Þ ¼ 0

uRi topð Þ ¼ uRi bottomð Þ ¼ uRi left side gate edgeð Þ ¼ 0

and the suffixes denote the quantities in the corresponding regions. Substituting for
PPZ
z from (32.2), we get the 1D Poisson equation for v zð Þ as
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@

@z
�0
@v
@z

� �
¼ �qn zð Þþ @PSP

z

@z
þ @

@z
e31 � e33

C13

C33

� �
exx þ eyy
� �� �

ð32:6Þ

where

�0 ¼ �þ e233
C33

ð32:7Þ

The 2DEG distribution n zð Þ is obtained from the Fang-Howard wave function
solution of the Schrödinger equation as [7]

n zð Þ ¼ mekBT

p�h2
ln 1þ exp

EF � E0

kBT

� �� �
� 1
2
b3z2exp �bzð Þ ð32:8Þ

where

b ¼ 33meq2ns
8�h2�01

� �1=3

ð32:9Þ

and ns is the equivalent 2DEG sheet concentration in Cm�2 defined as

ns ¼ Z1

0

n zð Þdz ¼ mekBT

p�h2
ln 1þ exp

EF � E0

kBT

� �� �
ð32:10Þ

Substituting for n zð Þ from (32.8) in (32.6) and solving, we get for the two layers

v1 zð Þ ¼ qns
2�01

bz2 þ 4zþ 6
b

� �
exp �bzð Þ

þ PSP
1z

�01
zþ eGaN31 � eGaN33

CGaN
13

CGaN
33

� �
eGaNxx þ eGaNyy

�01

 !
zþ A1

�01
zþB1

ð32:11Þ

v2 zð Þ ¼ PSP
2z

�02
zþ eAlGaN31 � eAlGaN33

CAlGaN
13

CAlGaN
33

� �
eAlGaNxx þ eAlGaNyy

�02

 !
zþ A2

�02
zþB2

ð32:12Þ

where A1, B1, A2 and B2 are unknown constants. The boundary condition satisfied
by the potential at the AlGaN layer surface under the gate is

v2 z ¼ �d2ð Þ ¼ /B þVG ð32:13Þ
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where /B is the barrier height at the top gate metal-semiconductor interface. Deep
inside the GaN buffer layer, the material is electrically neutral which means that the
electric field is practically zero at z ¼ d1,

@v1
@z

����
z¼d1

¼ 0 ð32:14Þ

Then, in the absence of any unbalanced charge at the GaN surface at the far end,
the potential there becomes zero, that is, v1 ¼ 0 at z ¼ d1. Further application of the
continuity of electric displacement at the interface z ¼ 0, we get, in the limit
d1 � d2

v1 zð Þ ¼ qns
2�01

bz2 þ 4zþ 6
b

� �
exp �bzð Þ ð32:15Þ

v2 zð Þ ¼ /B þVG þ rpol
�02

� qns
�02

� �
d2 þ zð Þ ð32:16Þ

where rpol is the fixed charge density at the interface due to difference in the relative
values of both spontaneous and strain dependent piezoelectric polarization between
AlGaN and GaN layers [8], and is given by

rpol ¼ DPSP
z þDPPZ

zl ð32:17Þ

and

DPSP
z ¼ PSP

2z � PSP
1z ð32:18Þ

DPPZ
zl ¼ eAlGaN31 � eAlGaN33

CAlGaN
13

CAlGaN
33

� �
eAlGaNxx þ eAlGaNyy

	 


� eGaN31 � eGaN33
CGaN
13

CGaN
33

� �
eGaNxx þ eGaNyy

	 
 ð32:19Þ

To determine the effect of side gates on the potential in the GaN and AlGaN
regions we solve the 2-D Laplace’s equation for u1ðx; zÞ and u2ðx; zÞ in (32.9) and
(32.10). Considering the geometry of the device the general solution for the u’s can
be written from [9] in the form
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uL1 x; zð Þ ¼ P1
n¼1

b1n
sinh 1

kn

Weff
2 �xð Þð Þ

sinh Weff
knð Þ sin 1

kn
z� d1ð Þþ np

	 

uL2 x; zð Þ ¼ P1

n¼1
b2n

sinh 1
kn

W
2�xð Þð Þ

sinh W
knð Þ sin 1

kn
zþ d2ð Þ

	 

uR1 x; zð Þ ¼ P1

n¼1
c1n

sinh 1
kn

Weff
2 þ xð Þð Þ

sinh Weff
knð Þ sin 1

kn
z� d1ð Þþ np

	 

uR2 x; zð Þ ¼ P1

n¼1
c2n

sinh 1
kn

W
2 þ xð Þð Þ

sinh W
knð Þ sin 1

kn
zþ d2ð Þ

	 

ð32:20Þ

where the constants b’s, c’s and the constant parameter kn are to be determined
from boundary conditions. Here Weff is the effective channel width in GaN and is
given by

Weff zð Þ ¼ W � 2WD zð Þ ð32:21Þ

where WDðzÞ is the depletion layer width on each side at a depth z from the
heterointerface as shown in Fig. 32.2. The boundary conditions at the lateral edges
in GaN and AlGaN layers are respectively

uL1 �Weff

2
; z

� �
¼ uR1 þ Weff

2
; z

� �
¼ /bi � VG ð32:22Þ

Fig. 32.2 Depletion region
diagram
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uL2 �W
2
; z

� �
¼ uR2 þ W

2
; z

� �
¼ VG þ/b2 ð32:23Þ

where /bi is the built in potential due to work function difference between the metal
gate and GaN and /b2 is the barrier height at the AlGaN-metal gate interface at the
side walls. The boundary conditions to be satisfied by u1ðx; zÞ and u2ðx; zÞ at the
heterojunction (z ¼ 0) are

u1 x; 0ð Þ ¼ u2 x; 0ð Þ ð32:24Þ

�1
@u1
@z

����
x;0ð Þ

¼ �2
@u2
@z

����
x;0ð Þ

ð32:25Þ

which require uLi and uRi to satisfy the above relations separately. Substitution of
the above boundary conditions in the general solutions (32.20) gives particular
solutions of uLi and uRi for the FinFET structure as infinite hyperbolic sine series in
x. However, near the centre of the fin width the higher order sinh terms decay very
rapidly to have any significant effect on the channel potential. Hence, considering
only the first order (n = 1) term in the series for uLi and uRi and substituting
Kn ¼ npkn, we get the potentials inside the device as

/1 x; zð Þ ¼ qns
2�1

bz2 þ 4zþ 6
b

� �
exp �bzð Þ

þ 4
p

/bi � VGð Þ
cosh p

K1
x

	 

cosh pWeff

2K1

	 
 sin p
K1

d1 � zð Þ
� � ð32:26Þ

where �Weff
2 � x� þ Weff

2 and 0\z� d1, and

/2 x; zð Þ ¼ /B þVG þ rpol
�2

� qns
�2

� �
d2 þ zð Þ

þ 4
p

/b2 þVGð Þ
cosh p

K1
x

	 

cosh pW

2K1

	 
 sin
p
K1

d2 þ zð Þ
� � ð32:27Þ

where �W
2 � x� þ W

2 and �d2 � z\0. The parameter K1 is obtained from the
interface boundary conditions (32.24) and (32.25) as

1
�1
tan

pd1
K1

� �
þ 1

�2
tan

pd2
K1

� �
¼ 0 ð32:28Þ

From the symmetry of the potential distribution about the channel midpoint, it is
clear that the channel potential minimum occurs at x ¼ 0 and reaches a maximum at
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the edges of the depletion regions, x ¼ �Weff=2. What emerges from this theo-
retical analysis of heterostructure GaN FinFET is that there exists a single device
scaling parameter K1 which determines the electrostatic potential distribution within
the barrier and the 2DEG channel region for finite dimensions d1, d2, and W.

32.2.3 Strain Relaxation Model

To determine rpol and hence ns in (32.26) and (32.27), one first needs to calculate
the values of the biaxial strains in both the layers GaN and AlGaN. By design
L � W , so that only the free lateral faces in the x-direction contribute to the elastic
strain relaxation of the thin barrier layer. Since the AlGaN/GaN interface remains
coherent, the elastic relaxation of tensile strain in the AlGaN barrier layer drags the
atoms of the underlying GaN layer in the contact area at the heterointerface. This
produces a compressive strain field in the GaN buffer layer in the vicinity of the
interface. If the natural lattice mismatch strain in the AlGaN layer along the chosen
axes is defined as

emxx ¼ emyy ¼
aGaN � aAlGaN

aAlGaN
ð32:29Þ

then the strains in the two layers at the interface due to elastic strain relaxation along
the lateral fin width is given by

eAlGaNxx ¼ eGaNxx þ emxx ð32:30Þ

aGaN and aAlGaN being the unstrained lattice constants of the layers along the
chosen directions in the crystals. For small values of strains, any change in shape of
the structure can be considered negligible. Three dimensional simulations have
shown that, unlike the case of a structure with infinitely large lateral dimensions, the
resulting lateral strain inside the finite width structure is non-homogeneous [10].
The strain in AlGaN barrier layer is maximum and almost uniform near the centre
of the fin and decreases closer to the lateral edges. Using continuous theory of
elasticity, the average strain over the lateral width W in the AlGaN barrier layer
along the heterointerface has been shown to follow the analytical expression [11]

eAlGaNxx ¼ S � emxx ð32:31Þ

where

S ¼ 1� 2
a2

þ 1þ
ffiffiffi
2

p

a

� �2

exp �a
ffiffiffi
2

p	 

ð32:32Þ
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a ¼
ffiffiffiffiffiffiffiffiffiffi
KW
pdeff

r
ð32:33Þ

and

K ¼ E1 1� m22
� �

E2 1� m21
� � ð32:34Þ

E1, m1 and E2, m2 being the Young’s modulus and Poisson’s ratio of GaN and
AlGaN respectively. deff is a parameter called the effective barrier layer thickness
and is defined as [12]

deff ¼ f � d2 ð32:35Þ

where f is a factor describing how the barrier layer of finite thickness d2 relaxes due
to lateral strain relaxation at the free edges. The factor f varies with the thickness of
the barrier layer in accordance with the following equation

f ¼ SN�1
1 � 1
N � ln S1 ð32:36Þ

Here N ¼ d2=cAlGaN, cAlGaN being the height of the hexagonal unit cell of the
unstrained AlGaN lattice, and S1 is obtained from (32.32) and (32.33) by putting
K ¼ 1 and replacing deff with cAlGaN. Knowing eAlGaNxx , the lateral strain in GaN,
eGaNxx , is obtained from (32.30). Since there is no strain relaxation along the channel
length, the longitudinal strain eAlGaNyy is given by the natural lattice mismatch strain

emyy in (32.29) and e
GaN
yy ¼ 0. Substitution of these values of the strains in (32.19), the

variation of polarization charge density rpol with fin width W is obtained from
(32.17).

32.2.4 Threshold Voltage Model

Since rpol varies along the fin width W, the 2DEG sheet concentration ns will also
be non-uniform over the fin width. For infinitely large fin width the contribution of
the side gates to the electric potential at the centre of the lateral width in the channel
region can be omitted and the relation between the effective potentials in the two
layers at the interface near the centre of the fin can be written as

v1 ¼ v2 þDEc � EF ð32:37Þ

where DEc is the discontinuity in the conduction band edges of the two materials
and EF denotes the conduction band bending in GaN at the heterointerface.
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Substituting for v1 and v2 from (32.15) and (32.16) in (32.37), we obtain the
expression for the equivalent 2DEG sheet concentration ns at the centre of the fin, in
terms of rpol and applied gate bias VG, as

ns ¼ �02
q d2 þDdð Þ

rpol
�02

d2 þVG þ/B þDEc � EF

� �
ð32:38Þ

where the term Dd ¼ 3=bð Þ�02=�01 is due to the quantum capacitance arising from the
charge distribution nðzÞ in GaN below the heterointerface. This means that the
2DEG density goes to zero when the gate voltage VG is equal to

Vt ¼ � /B þ
rpol
�02

d2 þDEc � EF0

� �
ð32:39Þ

Vt is called the threshold voltage of the AlGaN/GaN FinFET having infinitely
large fin width. Here EF0 ¼ EFðns ¼ 0Þ.

In case of a finite fin width FinFET, however, the effect of side gates cannot be
neglected and the lateral electric field in the channel is obtained by differentiating
/1ðx; yÞ with respect to x

ex x; zð Þ ¼ � 4
K

/bi � VGð Þ sinh p
K x
� �

cosh pWeff
2K

� � sin p
K

d1 � zð Þ
	 


ð32:40Þ

It can be seen from above that the lateral electric field in narrow fin width
devices is finite except at the centre ðx ¼ 0Þ where ex vanishes and the penetration
of the junction fields from the two edges into the channel region increases with
reduction in fin widthW. The fact that the lateral electric field ex is zero at the centre
of the fin width of the FinFET indicates that the lateral electric field alone cannot
completely deplete the 2DEG from the channel even for very narrow fin widths
although the electrons get depleted from the two sides of the fin under the influence
of this field due to the side gates, Fig. 32.3. It is the vertical electric field ez due to

Fig. 32.3 2DEG charge and depletion regions from TCAD simulation

32 A Physics Based Analytical Model for the Threshold Voltage … 215



the top gate that is ultimately responsible for the depletion of electrons at the centre
of the fin and complete cut-off of the channel as it happens in a wide fin width
device. This combined effect of both the lateral and vertical electric fields, due to
the surrounding gate structure of the FinFET, results in a reduced 2DEG density in
the channel and narrower fin widths and therefore a higher threshold voltage (less
negative) compared to wide fin width FinFET.

Equating the vertical electric field at the centre of the fin on the heterointerface,
obtained by differentiating /1 x; zð Þ with respect to z, to the value given by Gauss’
law of electrostatics, we get

qnsw
�01

¼ qns
�01

þ 4
K1

/bi � VGð Þ
cos p d1

K1

	 

cosh pW

2K1

	 
 ð32:41Þ

where nsw is the 2DEG density of finite width FinFET under the influence of
surrounding tri-gate. For the peak electron concentration nsw at the centre of the fin
to decrease with reduction in fin width [4], the value of cos pd1=K1ð Þ must be
negative, which means that the ratio d1=K1 must satisfy the following condition

1
2
\

d1
K1

\
3
2

Equation (32.28) then gives the values of d2 � d1.
Ideally, at threshold, the 2DEG vanishes and the device is cut off. Therefore

substituting nsw ¼ 0 in (32.41), we get the expression for the threshold voltage VtW

of an AlGaN/GaN FinFET at fin width W as

VtW ¼ Vt

1þDVt
þ /bi

1þ 1
DVt

ð32:42Þ

where

DVt ¼ � 4�01d2
�02K1

cos p d1
K1

	 

cosh pW

2K1

	 
 ð32:43Þ

Since cos pd1=K1ð Þ is negative, DVt is a positive quantity. When fin width W is
large, DVt is small and the threshold voltage VtW is almost the same as Vt, that is the
threshold voltage of an ideally infinitely large fin width FinFET, which is negative.
As W is reduced, DVt increases which causes a positive shift in threshold voltage at
narrow fin widths. This is shown as the lowermost curve in Fig. 32.4. But, in
addition to charge depletion, with reduction in W the strain relaxation causes a
decrease in tensile strain in the AlGaN layer and an increase in compressive strain
in the GaN layer. The net effect is a reduction in the polarization charge density rpol
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at the heterointerface resulting in rise of threshold voltage Vt towards less negative
values. Since /bi is positive, at a certain value of fin width W, the two terms in the
right hand side of (32.42) cancel each other and the threshold voltage VtW becomes
zero. With further reduction in W, the barrier layer strain eAlGaNxx relaxes to even
smaller values such that (32.30) in combination with (32.19) leads to values of Vt

which makes the term Vt= 1þDVtð Þ in magnitude less than the second term on the
right hand side of (32.42). In that case VtW becomes positive which is shown by the
uppermost curve in Fig. 32.4. The FinFET then behaves as a normally-off
transistor.
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Chapter 33
Trapping Phenomenon in AlInN/GaN
HEMTs: A Study Based on Drain
Current Transient Spectroscopy

Ayush Khandelwal, Gourab Dutta, Amitava DasGupta
and Nandita DasGupta

Abstract In this paper, we have investigated the trapping phenomenon in AlInN/
GaN HEMTs using the drain current transient spectroscopy. From the trapping and
detrapping drain current transient analysis under different biasing conditions,
energy levels and locations of associated traps are extracted. Surface traps with
activation energy of *0.18 eV and buffer traps of energy *0.27 eV were iden-
tified from this analysis. Hopping conduction of trapped surface electrons are also
identified from this study.

33.1 Introduction

GaN-based high electron mobility transistors (HEMTs) have already demonstrated
their potential for both RF and high-power switching applications. However,
trapping in GaN-HEMTs due to the presence of surface and bulk traps limits its
performance and also causes reliability issues. So, detail understanding of trapping
behavior in GaN-based HEMTs is essential. Different methods, e.g. DLTS, gate lag
measurement, frequency dependent transconductance dispersion have widely been
used to study the trapping phenomenon in HEMTs. Besides conventional AlGaN/
GaN HEMTs, Al0.83In0.17N/GaN HEMTs are also getting a lot of attention for both
RF and high-power applications due to its thinner barrier layer, higher 2DEG
density in the channel and lattice matched barrier layer. Trapping phenomenon in
AlGaN/GaN HEMTs have been investigated in detail by different groups [1–3].
However, there are only a few reports available on the trapping effects in AlInN/
GaN HEMTs.

In this paper, we have investigated the trapping phenomenon in AlInN/GaN
HEMTs using the drain current (ID) transient spectroscopy. The method used in this
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analysis has enabled us to probe the responsible traps and their locations in HEMTs.
Transport mechanism of trapped surface electrons is also investigated in this paper.

33.2 Methodology

The method used in this paper to analyze the trapping phenomenon in AlInN/GaN
HEMTs consists of both detrapping and trapping ID transient measurements. We
obtain the corresponding time-constant spectra from the measured transient data and
deduce responsible traps and their corresponding activation energy however density
of traps cannot be directly extracted from this method. For detrapping measure-
ments, devices are initially stressed under different gate and drain biases to induce
trapping at different locations. After removal of 30 s of synchronous gate and drain
stresses, the drain current transient was recorded using the Agilent B1500A. During
detrapping transient measurements, low VDS of 0.5 V was chosen to induce mini-
mum trapping and to minimize the raise in device temperature. In trapping experi-
ment, ID transient of virgin devices is monitored at a fixed gate and drain bias
(VGS = −2 V and VDS = 1.5 V). Both trapping and detrapping transient spectra are
fitted using the multi-exponential model (33.1) with an error minimization algorithm
to minimize the sum of Imeasured � Ifittedj j2 at the measured points [1].

Ifitted ¼
Xn

i¼1

ai exp � t
si

� �
þ I1 ð33:1Þ

where si’s are the predefined time constants that are equally spaced logarithmically
in time and typical value of n for these fitting is 100. I1 is the magnitude of ID at
t ! 1, ai’s (fitting parameters) are the magnitude of trapping and detrapping
process of time constant si. Positive (negative) values of ai correspond to the
trapping (detrapping) processes.

Fabrication process of the GaN/Al0.83In0.17N/AlN/GaN (2 nm/10 nm/1 nm/
2 µm) HEMTs on sapphire substrate is reported elsewhere [4]. Device dimensions
are as follows: gate-source and gate-drain distances are 3 and 5 µm respectively and
gate length (width) is 2 µm (100 µm). Pinch-off voltage of the unpassivated HEMT
is *−4 V.

33.3 Results and Discussions

33.3.1 Detrapping Behavior

Figure 33.1a shows the detrapping transient of ID at different temperatures (T).
Before measuring the transient, devices were stressed under OFF-state (VGS,
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stress = −8 V and VDS, stress = 10 V) to induce trapping in the gate-drain access
region. Obtained time-constant spectra (Fig. 33.1b) clearly indicates a single trap of
time-constant s (s1 * 20–30 ms). From the Arrhenius plot (Fig. 33.1c) the
extracted activation energy (Ea) for the surface traps is *0.18 eV. Experimental
results have also shown that detrapping s has an exponential dependence on 1/T1/3

(Fig. 33.1d), which indicates that after emission trapped surface charges proceeds
through hopping mechanism [2].

Detrapping transient has also been carried out under ON-state stress (VGS,

stress = −2 V and VDS, stress = 5, 10, 15 V) as shown in Fig. 33.2a. From the
time-constant spectra (Fig. 33.2b), two peaks can be identified clearly. Value of s
for the first peak ðs1Þ is same as that of OFF-state stress, which indicates surface
trapping in gate-drain region. However, the magnitude of second s (s2 * 280 ms)
is nearly one order higher than that of s1 and corresponds to the trapping in the
buffer layer having a trap energy level of *0.27 eV. During ON-state stress high
energy electrons can be trapped in the GaN-buffer layer.

Fig. 33.1 a OFF-state detrapping transient of AlInN/GaN HEMT at different measurement
T. b Time constant spectrum of ID under detrapping condition at different T. c Arrhenius plot of
time constant. d Dependence of s of detrapping surface traps on T−1/3
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33.3.2 Trapping Behavior

Figure 33.3a shows the trapping transient of ID for different T. Time-constant
spectra (Fig. 33.3b) in this case shows only one peak. From the Arrhenius plot
(inset of Fig. 33.3b) the calculated Ea for the responsible traps is *0.17 eV, which
is similar to that of detrapping case. This indicates that the same traps are
responsible for both trapping and detrapping phenomenon.

Fig. 33.2 a ON-state detrapping transient for different VDS and its time constant spectrum (b)

Fig. 33.3 a Trapping transient of ID at different T. b Time constant spectrum of trapping transient.
Inset Arrhenius plot of time constant
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33.4 Conclusion

Trapping phenomenon in AlInN/GaN HEMTs has been analyzed using the drain
current transient spectroscopy. Surface traps with activation energy of *0.18 eV
and buffer traps with energy *0.27 eV were identified. This method can be used
for further understanding the trapping behavior in AlInN/GaN HEMTs.
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Chapter 34
Development of GaN HEMTs Based
Biosensor

N. Chaturvedi, S. Mishra, S. Dhakad, N. Sharma, K. Singh,
N. Chaturvedi, R. Taliyan, A. Chauhan, D. K Kharbanda
and P. K Khanna

Abstract In this paper, we report on the development of GaN HEMTs for sensing/
biosensing applications. Various process steps are optimized at each stages for the
development of device. Device shows the 0.5 A/mm drain current, 160 ms/mm
transconductance and −4.2 V pinch of voltage for 50 µm Lsd. Devices are packaged
for the detection of salt and BPA. Various molar solutions of salt are tested on
gateless devices and surprisingly, it is able to detect even the femto molar level of
salt. As endocrine disruptors, BPA (Bisphenol A) is tested on gated devices which
shows change of about 760 µA in drain current.

34.1 Introduction

In recent years, AlGaN/GaN HEMTs structure has drawn the substantial attention
of researchers for biosensing applications [1]. This is primarily due to its out-
standing properties such as high ns, high µ, higher chemical and thermal stability,
higher sensitivity, and non-toxicity to the living cells [2–4]. In this paper, we are
reporting on the development of GaN HEMTs based biosensor for sensing/bio
sensing applications.

Aim of the study is to optimize various processing steps for the development of
GaN HEMTs based biosensor for various relevant applications. At the end, the
focus is to developed GaN HEMTs biosensor chip and package.
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34.2 Experimental Details

To develope the GaN HEMTs biosensor, device and epitaxial designs were first
simulated, keeping in mind the best possible parameters for high Ids and gm at large
Lsd. Different methods and techniques were used to optimize critical levels in the
processing. Various metal stacks, variations in the thicknesses of the metals stacks
along with different surface treatments were incorporated in the optimization pro-
cess of Ohmic and Schottky contacts [5]. Optimized metal stacks for ohmic and
schottky contacts are Ti/Al/Ni/Au and Ni/Ti/Au respectively. Unit gate width of
2 � 50 µm was designed and fabricated along with a gate length of 2 µm. To
isolate the device, RIE and ion implantation were used having different combina-
tions of the gas and ions. Several energies were simulated and implemented to
increase the isolation resistance [6]. In order to realise the sensing layers, hard
masks were used based upon the high-k and low-k dielectric materials.

For detection of lab grade salt, gateless devices were used on which femto molar
level of salt was tested. However for the Endocrine disruptor (BPA) we used the
gated devices for which the gate area was functionalized with the anti BPA.

34.3 Results

GaN HEMTs based biosensors designed, fabricated and testted on chip and at the
package level. Optimized Ohmic contacts showed a very low qc of 6 � 10−6

ohm cm2. A barrier height around 1.0 eV was achieved on the Ni based Schottky
contacts. An isolation resistance of 0.6 MX was recorded on the RIE samples.
Among the deposited high k and low k dielectric materials, Al2O3 proved best in
improving the current collapse. The fabricated 2 � 50 µm devices delivered a drain
current of 0.5 A/mm @ Vgs = 1.0 V (shown in Fig. 34.1) and transconductance of
160 ms/mm, which are actually pretty good figures for the Lsd of 50 µm. Devices
pinched at around −4.2 V as shown in Fig. 34.2.

Fig. 34.1 Output
characteristics of GaN HEMT

226 N. Chaturvedi et al.



Sensor chip was characterized at 1 V before and after packaging. Figure 34.3
shows the packaged sensor and on package characterization results at zero volt gate
bias. Drain current in the range of mA and repeatability during pulse measurements
show the performance best suitable for the development of relevant electronics
circuitry. Two versions of the sensors namely gateless and gated were used for the
femto level salt detection in the water and BPA respectively.

Figure 34.4 shows the detection of femto level salt on the gateless devices. Drain
current changed in µA was observed after dropping femto level salt solution on the
samples.

Fig. 34.2 Transfer
characteristics of GaN HEMT

Fig. 34.3 On package results

34 Development of GaN HEMTs Based Biosensor 227



Gated device when immersed into the BPA solution showed a significant change
of 760 µA in the drain current response as shown in Fig. 34.5. These results
indicated very good sensing capability of the fabricated sensor.

34.4 Conclusion

GaN HEMTs based biosensors are designed and fabricated using various tech-
nology optimization steps. Fabricated sensor showed drain current and transcon-
ductance of 0.5 A/mm and 160 ms/mm respectively. Sensors showed very good
repeatability in continuous and pulse mode measurements at package level. Gate
less and gated version of the sensors were used for the femto level salt detection and
Bisphenol A (BPA) detection respectively.

Fig. 34.4 Detection of femto
level salt

Fig. 34.5 Detection of
Bisphenol A (Endocrine
disruptor)
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Chapter 35
Performance of Wide Band Gap
Semiconductors Impatts at THz
Frequencies

S. P. Pati

Abstract Computer simulation experiment on studies of RF characteristics of high
band gap ZnS (3.68 eV) based flat doped p+pnn+ DD Impatt diodes indicate pos-
sible generation of high mm wave-power with sufficiently high efficiency and
considerable low noise. The interesting features are the realization of very high
breakdown voltage (661 V at 12 GHz) and high efficiency (28.1%). The magni-
tudes of RF negative resistance and avalanche noise for ZnS diode are respectively
higher by three times and lower by more than an order compared to Impatts based
on conventional low band gap (ex-Si) semiconductors. Performance of Impatt
Devices at THz frequencies based on other Wide Band Semiconductors like GaN,
SiC and others. The results indicate some favorable features.

35.1 Introduction

Impatt devices basically generate RF power from the mechanism of impact ion-
ization and transit time of charge carriers while moving within the depletion zone of
a reverse bias p-n junction. Research Work is being carried out by different groups
to find out ways and means to make it possible to realize high RF power, enhance
high efficiency even for sub-mm wave region of RF spectrum. The pin pointed
digital communication needs frequency generation to beyond tera Hz. Frequencies,
which can only be obtained through Impatt Action. The conventional semicon-
ductors do not suit for THz generation, however studies reveal, that Wide Band Gap
Semiconductors can be explored for such purposes, as wide band gap in a
Semiconductor, enhances Avalanche Breakdown Electric Field, which in turn may
become the controlling feature of generation high THz power. Several Compound
Semiconductors like ZnS, GaN, SiC, Diamond Impatts have been analyzed using a
sophisticated inclusive computer software and succeeded in designing Impatts for
possible enhancement of RF power by 20–30 times even at beyond THz fre-
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quencies. The typical Ionization-electric field variation in ZnS has been observed to
push Device Efficiency to 20%. Hetero Junction and Hetero Structure Impatts
having suitable combination Wide Band Gap and Conventional Semiconductors
also studied to note much improved performance in several cases. The results of
analysis of Wide Band Semiconductor Impatt Diode including those of suitable
Hetero Junction and Hetero Structure Diodes will be presented through the scope of
this paper. The results may become interesting, because Silicon Impatt Diode at
300 GHz produces only 300 mW power at 5% efficiency, but ZnS Diode can
produce 1 W power at 1 THz with 16% efficiency. Computer aided studies on
performance characteristics of flat DD Impatts based on conventional materials with
moderate band gap energy (Si, GaAs and InP) as well as wide band semiconductors
(ZnS, SiC and GaN) indicate capability of ZnS (Eg = 3.68 eV) flat DDDs pro-
ducing high mm-wave power generation at sufficiently high efficiency and with
very low avalanche noise. The breakdown voltage (661, 180 V), localized nor-
malized avalanche zone (8, 15.1%), efficiency (28.1, 23.8%) for ZnS DDDs
respectively for 12 and 60 GHz design frequencies negative resistance
(0.228 � 10−10 X m2) and mean square avalanche noise voltage (5.47 � 10−19

V2 s) for 60 GHz ZnS DDRs are respectively 8.0, 0.26, 1.9, 2.4 and 0.07 times of
the values of the said parameters of corresponding Silicon DDR. The performance
of ZnS diode is also compared with diodes based on GaAs, InP, GaN and SiC
diodes. The computed value of efficiency remains low and noise level becomes high
for SiC and GaN DDDs compared to ZnS DDD.

35.2 Result and Discussion

The We have studied the performance of impact avalanche transit time (IMPATT)
devices based on band gap semiconductor materials like InP, 4H-SiC and Wz-GaN
at 1.0 tera-hertz (THz) frequencies. A drift-diffusion model is used to design double
drift region (DDR) IMPATTs based on these materials. From the results it is found
that the RF power for 4H-SiC gives 26 times more than InP and 4 times than
Wz-GaN based IMPATT diode. Similarly, the InP has more noise of about 31.5 dB
as compared to 4H-SiC (29.5 dB) and Wz-GaN (32.6 dB). Generation of signifi-
cant RF power for 4H-SiC with moderate noise is better as compared to the InP and
Wz-GaN based devices. The excellent results indicate that 4H-SiC based IMPATT
diodes are the future terahertz sources. Study of DC, high frequency and avalanche
noise analysis of 4H-SiC based double-drift (n+npp+ type) impact avalanche transit
time (IMPATT) diode is demonstrated by advanced computer simulation experi-
ment, for operation at 140 GHz applications. A double iterative computer method
based on modified drift-diffusion model has been used to study their performance at
a frequency of 140 GHz. The simulation studies reveal that these devices are
potential sources for generating high power in the mm-wave regime. The authors
have studied the RF and noise performance of 4H-SiC and analyzed the same with
the results of the conventional low band gap materials Si and GaAs. The conversion
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efficiency of Si-based double drift IMPATT diode is found to be 9.3% at 140 GHz
with an output power of 0.14 W, whereas, GaAs-based double drift IMPATT diode
is found much higher output power of 0.32 W with conversion efficiency of 13.2%
at 140 GHz. However, IMPATT diode based on 4H-SiC can yield output power of
9.20 W with corresponding conversion efficiency of 15.3% at 140 GHz operation.
The efficiency of the diode can further be pushed up through incorporation of
impurity charge bump near the junction plane on either side of the junction within
n- and p- regions. This exercise transforms the conventional flat profile diode to
low-high-low (p ++ p p + p n n + n n ++) type of diodes. The effects of this charge
bump on the mm-wave characteristics of the double-drift 4H-SiC IMPATTs have
been analyzed through a modified simulation technique. It is interesting to note that
the introduction of charge spikes improves the overall performance of the designed
diodes at the window frequencies. The results are very encouraging favoring SiC as
a suitable base material for developing high-power and high frequency IMPATT -
diodes.

1. Studied the dc, hf and noise properties of silicon impatts having different
structures like flat, low-high-low and high-low DD devices. The device struc-
tural parameters, efficiency, breakdown voltage for higher frequency operation
in harmonic mode remain same on par with the values in fundamental diode.
The RF power from GaAs device is obtained nearly about 1 W at 0.30 THz
which is much higher to Si-based DD IMPATT diode. The prospects of InP as
base material for THz device have been investigated through advanced com-
puter simulation experiment. Further a systematic study on the effect of
photo-illumination on this THz diode has been carried out. These studies
indicate that InP IMPATT diode is highly photo sensitive device even at THz
frequencies.

2. The performance of SiC diodes have been compared with those of Si, GaAs and
InP diodes. The simulation experiment provides a clear insight into the con-
tributions of charge bump in improving the mm-wave characteristics of the
4H-SiC-based DDR impatt diode. The study established the superiority of
SLHL DDR diodes at mm-wave window frequencies, especially in terms of RF
power generation and efficiency.

3. The simulation results show that GaN DDR Impatt diode provides a maximum
conversion efficiency of 12.5% at 0.3 THz and 11.5% at 0.5 THz and delivers
large output power. Thus wurtzite type GaN based Impatts will be highly
suitable for operation in Terahertz frequency region in near future. It is observed
that for high power operation the 4H-SiC is a suitable base material for IMPATT
diode whereas GaN is a better material than SiC for high power operation with
moderate noise.

If one wishes to assess RF power generation, the ZnS diode can produce higher RF
power than Si counterparts. The performance of ZnS diode is also compared with diodes
based on GaAs, InP, GaN and SiC diodes. The computed value of efficiency and RF
power output remains low; noise level becomes high for GaAs, InP, SiC and GaN
devices compared to ZnS DDD.
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Chapter 36
1.7–2.1 GHz GaN Linear Power
Amplifier

Ashish Jindal, Rajiv, Parul Gupta, Umakant Goyal, S. K. Tomer,
Meena Mishra and Seema Vinayak

Abstract In this work, design and implementation of SSPL GaN HEMT based
power amplifier in L band (1.7–2.1 GHz) with 10 W linear output power has been
presented. The design is based on the load pull and small signal S-parameters
measurement data. Extensive load pull measurement and Co-EM simulation have
been carried out for designing this circuit. The designed amplifier consists of four
stages with overall small signal gain of 45 dB and delivers 40 dBm output power at
an input power of −5 dBm. The carrier to 3rd intermodulation ratio is better than
30 dB for a two tone input signal having 10 MHz spacing and of −5 dBm of total
power.

36.1 Introduction

In modern era wireless communication plays a crucial role in voice/data network
arena. Power amplifier is the most crucial part in the transmitting chain of wireless
communication system. The most important characteristics of power amplifiers are
efficiency, gain, linearity (intermodulation product) and thermal performance.
Modern day communication systems have high PAPR (peak to average power
ratio) typically 7–10 dB. In order to avoid signal distortion these high PAPR signals
must be amplified linearly [1]. Presently, lot of research efforts are taking place
towards the development of reliable and low cost power amplifier circuit design
keeping the best tradeoff between linearity and efficiency in order to meet huge
demand for RF power amplifier for the communication system.

This work presents the design and development of 10 W linear power amplifier
having gain of 45 dB. This amplifier will serve as a driver amplifier to drive high
power amplifier in the troposcatter communication. This application imposes the
designed amplifier to provide linear output power [2]. The designed circuit is
developed and characterized for its performance in terms of linearity and output
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power. The power amplifier has been evaluated using single tone and two tone
carrier signal.

36.2 Methodology

The design of power amplifier begins with targeted specification. As desired RF
gain was more than 40 dB. Hence, four-stage power amplifier topology was chosen
and power budgeting was carried out as shown in Fig. 36.1.

The next step was to choose device of suitable gate width for each stage that is
gain block, power driver and output power stage. We have used the device from the
SSPL GaN HEMT process with 0.9 lm gate length with Source Drain spacing of
4 lm. The device has been fabricated in-house with pinch off voltage of −5.5 V.
The GaN HEMT device having gate periphery of 400 lm, 800 lm and 1.6 mm
were chosen. The bare die was die attached and wire bonded in the package as
shown in Fig. 36.2.

In order to cater to the requirement of linear output power, the power back off
technique is used to get linear output power. SSPL GaN HEMT device has max-
imum saturated power of 15 W. Thus, Wilkinson power combining technique is
employed to get 10 W output power at 3 dB back off. The PA is designed using
load pull and small signal measurement data based approach. Using load pull
measurement, the optimum load impedance for each device was obtained [3]. The
output of power stage has been matched from optimum load impedance to 50 ohm.

Fig. 36.1 Power budget analysis

Fig. 36.2 Packaged SSPL
GaN HEMT device
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The gain block and driver stage has been designed using interstage match. Utmost
care has been taken to ensure gain flatness over the desire bandwidth (1.7–
2.1 GHz). The input of power amplifier has been conjugate matched using small
signal S parameters [4]. The matching circuit was simulated and optimized using
Agilent’s ADS 2016. The fabricated amplifier is shown in Fig. 36.3.

36.3 Measured Result

The measured small signal S-parameter of the complete chain of developed power
amplifier is as shown in Fig. 36.4.

The linear characteristics of power amplifier have been evaluated on the basis of
single tone as well as two tone signal. First, the developed power amplifier is tested
with a single carrier input signal for different input power levels. The measured
output power over discrete frequency in the desired band is as shown in Fig. 36.5.
As the input power increases the gain of the power amplifier does not go into
saturation and PA delivers 40 dBm of output power at −5 dBm input power.

Another measurement to test the linearity was done by two tone input signal.
The PA was tested with two tone input signal with a spacing of 10 MHz with equal
input power of −8 dBm centred around discrete frequencies over the desired
bandwidth (1.7–2.1 GHz) and the C/I ratio is calculated for each frequency. The
plot of the 3rd Order IMD (C/I ratio) versus the frequency is as shown in Fig. 36.6.

Fig. 36.3 Fabricated and assembled a gain block b power driver and c power stage
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Fig. 36.4 Measured S-parameters of the designed power amplifier

Fig. 36.5 Measured power performance of complete chain of power amplifier
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Chapter 37
Computation of Electronic and Optical
Properties of GaAsNSb with 16 Band
k dot p Model

Indranil Mal, Asish Hazra, D. P. Samajdar and T. D. Das

Abstract The electronic band structure (BS) and optical gain have been calculated
for GaAs1−x−yNxSby/GaAs alloys by combining two Band Anticrossing
(BAC) Models for Conduction Band and Valence Band i.e. CBAC and VBAC
under k�p formalism. This mathematical model based on a 16 � 16 Hamiltonian
matrix is used to compute the anticrossing interactions between the sub bands for
variable Sb and N concentration in GaAsNSb/GaAs. The effect of Sb and N related
impurity levels in GaAsNSb/GaAs on the band gap, carrier effective masses,
spin-orbit splitting energy, band offsets and their ratios are also investigated. It has
been shown that band gap shrinks by *330 meV for Sb and N concentration of 5
and 1.9 at% respectively. The concentration dependent band gap reduction and the
enhancement of spin-orbit splitting energy results in the origin of a Dso > Eg regime
which forms the basis for the suppressing Auger recombination mechanisms in III–
V LASERs. We have also investigated the variation of optical gain for different
injected surface carrier densities and carrier confinement assists the optical gain to
reach 1400/cm−1 near 1.2 eV window.
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37.1 Introduction

III–V Nitrides have been the source of research worldwide both in theoretical and
experimental physics since the last three decades. This is mainly due to the con-
siderable amount of band gap reduction and lattice constant of the resultant N
containing ternary or quaternary alloys which makes them suitable candidates for
potential applications in optoelectronic devices spanning the telecommunication
wavelength regime of 1.3–1.55 µm [1–3]. GaAsSbN is a promising material for
optical communication window [4–7]. We have calculated the, lattice matched to
GaAs, using The k�p Hamiltonian matrix generated using a combination of
Conduction Band anticrossing (CBAC) [4] and Valence Band Anticrossing
(VBAC) [8] model is used for the computation of electronic and optical properties
of dilute nitride-antimonide GaAs1−x−yNxSby alloys. Section 37.2 of this paper
summarizes the highlights of the k�p Hamiltonian and optical gain model for cal-
culating these properties of GaAsNSb alloy. The material dependent parameters
required for the calculation are taken from [5] by extrapolating the corresponding
parameters of GaAs, GaSb and GaN. Section 37.3 deals with the detailed discus-
sion of the results obtained by using the mathematical models. Section 37.4 con-
cludes the findings of our calculations on GaAsNSb alloy to check its viability for
device applications.

37.2 Theoretical Modeling

Incorporated impurity atoms like N and Sb create localized isoelectronic 2 S-like
and 6 P-like defect states near the extended conduction band (CB) and valence band
(VB) respectively. High electronegative impurity atoms (N) create defect state near
CB and relatively low electronegative impurity atoms (Sb) will create defect states
near VB of host material, which is demonstrated as Band anticrossing (BAC) or
16-band k�p Hamiltonian. The S-like resonant impurity states interact with the CB
of the host GaAs alloy and split it into Ec+ and Ec− and the P-like states interact with
sub bands of VB, which leads to the splitting of corresponding sub bands into E+

and E− sub bands, where E+ and E− reflects the extended nature of host material and
the defect states respectively [9]. BAC leads to subsequent shrinkage in band gap
and augmenting the spin-orbit splitting energy accordingly. The 6 (Sb) related
P-like and 2 (N) related S-like impurity states perturb the basic 8� 8 system
Hamiltonian [9] and results in an expanded H16�16 Hamiltonian [9]. We have also
calculated the optical confinement parameters, CB and VB offsets as described in
[9]. Solving the H16�16 matrix, we got the dispersion relations and calculated the
effective mass from the following equation:
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The optical gain gð�hxÞ for GaAs0.931N0.019Sb0.05/GaAs type-I QWs is calculated
using the density matrix theory in conjugation with a conformist method [10] based
on the convolution of the intra band relaxation time sin approximation with a
Lorentzian function having a suitable broadening time 1� 10�14 sð Þ. The optical
gain spectra [10] is evaluated as follows
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where c; e0 are respectively the velocity of light and permittivity in free space, nr is
the refractive index of the material in the QW, Lw is the thickness of the QW, kp
denotes the in-plane wave vector. MmnðkpÞ is the momentum matrix element
between the mth valence sub band and nth conduction band sub band. f cn and f vm
denote the Fermi-Dirac distribution functions for electrons and holes, respectively.

37.3 Results and Discussion

Figure 37.1 shows the relative shift in the CB, VB and SO energy sub bands as a
result of the introduction of impurity atoms N and Sb while maintaining the lattice
match to the host GaAs. It can be observed form the plot that while the CB moves

Fig. 37.1 Plot showing the
reduction in band gap and
enhancement of spin orbit
splitting energy as a function
of Sb concentration for lattice
matched GaAsNSb/GaAs alloy
system
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downward, the VB moves in the upward direction resulting in a band gap reduction
of *100 meV/%Sb. This occurs directly due to the anticrossing interactions of the
N and Sb related impurity levels with the CB and VB respectively. The spin-orbit
split-off energy level ESO increases by *5 meV/%Sb resulting in a slight increase
of the spin-orbit splitting energy.

Solution of the 16 band Hamiltonian yields the E–k diagrams of bulk
GaAs0.931N0.019Sb0.05 shown in Fig. 37.2 along the [100] direction at 300 K. The
16 band k�p Hamiltonian predicts that the anticrossing interaction N and Sb related
impurity levels EN, ESb and ESb-so with conduction band, heavy hole, light hole and
spin-orbit split-off bands of the host GaAs split them into their resulting
spin-degenerate E+ and E− sub bands. The lowering of the CBM and the slight
upward movement of the HH/LH band reduces the band gap of this quaternary
alloy. The ECB− energy level shifts downward by an amount 281 meV and VBM
increases by *49 meV contributing to a band gap reduction of 330 meV.

In Fig. 37.3, we have shown that the effective masses m*(C) of the carriers in the
different sub bands vary as a function of Sb mole fraction in the [100] direction at
T = 300 K. The effective masses m�

hhþ , m
�
lhþ , m

�
soþ and m�

cb� only contribute to
the transport phenomenon in GaAsNSb as their values are less than the free electron
mass m�

0. m�
cb� initially increases but decreases beyond y = 3%. The electron

effective mass of GaAsNSb initially shows an abrupt increase and thereafter sat-
urates and attains a final value of *0.08 m0 for Sb = 5%. While the hole effective
mass m�

hh increases linearly, the light hole and split off band related effective masses
m�

lhþ and m�
soþ remain invariant with Sb concentration. As the effective masses are

calculated from the E–k diagrams, using relation (37.1), it can be predicted that the
variation in m�

cb� and m�
hh is mainly due to the perturbation of BS due to the

impurities N and Sb.

Fig. 37.2 Comparative
analysis of the BS of
GaAs0.931N0.019Sb0.05 (solid
lines) and GaAs (dotted lines)
in [100] direction at 300 K
computed with 16 and 8 band
k�p method respectively
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The most significant parameters for optical confinement is the band offset; we
have calculated the variation of CB offset and VB offset as a function of Sb for bulk
material shown in Fig. 37.4.

In Fig. 37.5, we have drawn the comparative study of VB and CB offset ratio
where eventually they reflect the opposite characteristics.

Figure 37.6 shows the plot of gain as a function of photon energy for different
injected carrier concentrations. The peak of optical gain shifts with the variation in
injected surface carrier density of the GaAsSbN/GaAs QW with 10 nm active layer.
Increasing the rate of injected carrier density improves the difference between the
Fermi function, which leads to gain improvement within the desired region.

Fig. 37.3 Variation in the
effective masses m � ðCÞ in the
[100] direction D with respect
to the variation of Sb concen-
tration range 0–5%

Fig. 37.4 Variation of conduc-
tion and valence band offsets of
GaAsSbN with respect to Sb
mole fraction
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For quantum-confined structures like QWs, the sub bands act as a tuning
parameter for optoelectronic devices. The variation of the confinement length of the
QWs causes variation in the sub bands Ec

n and E
v
m which leads to change in effective

band gap of QWs and shifts the operating window of the device; nevertheless
confinement also shifts the magnitude of the peak gain. We have analyzed the
confinement effect on optical gain for a surface carrier density of 3 � 1016 m−2

shown in Fig. 37.7.

Fig. 37.5 Change in conduction and valence band offsets ratio with respect to Sb concentration
range 0–10%

Fig. 37.6 Optical gain spectra
of GaAsSbN calculated within
16-band k�p model for differ-
ent carrier concentration with
respect to photon energy
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37.4 Conclusions

The electronic band structure of GaAsNSb/GaAs alloy system is determined using
the k�p approach taking into account the effect of the anticrossing interaction of N
and Sb related defect states with host GaAs matrix. The interaction results in the
energy separation between the CB and HH/LH bands resulting in 330 meV
reduction in band gap for GaAs0.931N0.019Sb0.05. There is an improvement of the
spin-orbit splitting energy at the rate of 22 meV/%Sb over the host GaAs.
GaAsNSb alloy systems can help in developing optoelectronic devices with
superior qualities due to the innumerous benefits it provide. Strong quantum con-
finement in GaAsNSb based QW systems due to the large CBO and VBO of 500
and 120 meV respectively, large spin orbit splitting energy (>Eg) for designing
efficient leakage free LASERs covering a wide range of the infrared spectrum and
high optical gain in the 1.1–1.2 eV optical window and suitable tailoring of the
effective mass values with N and Sb concentration are some of the key findings of
this paper which once again proves the potential of GaAsNSb alloy systems for
being used as a dominant semiconducting material in the optoelectronics industry.

Fig. 37.7 Optical gain spectra of GaAsSbN/GaAs QW for carrier concentration of
5.5 � 1016 m−2 and variable QW widths
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Chapter 38
Growth and Characterization
of Gallium Nitride Nanowires
on Nickel/Sapphire Template
by Chemical Vapour Deposition

Sankaranarayanan Sanjay, Prabakaran Kandasamy, Shubra Singh
and Krishnan Baskar

Abstract The growth behaviour of gallium nitride nanowires grown on nickel/
sapphire template has been investigated. The nanowires were grown using chemical
vapour deposition method by vapour-liquid-solid process. The growth was carried
out by maintaining the growth temperature and carrier gas flow rate as constants,
while the time of growth was altered between 0.5 and 1.5 h. The peaks obtained
using X-ray diffractometer confirmed the crystalline nature of the samples. The
scanning electron microscopy results revealed the stage by stage growth mor-
phologies of the samples. Average diameter of the nanowires was found to be
*300 nm with lengths up to a few micrometers. Based on the characteristic spectra
obtained from UV-Vis spectrometer, bandgap of the nanowires was estimated to be
3.3 eV.

38.1 Introduction

Group III-Nitride based compound semiconductors such as Indium Nitride (InN),
Gallium Nitride (GaN) and Aluminium Nitride (AlN) have attracted more attention
over decades due to their wide and direct bandgap (Eg) from 0.7 eV (InN) to
6.2 eV (AlN). Possessing high optical transparency, high mobility and electrical
field breakdown makes GaN (Eg = 3.4 eV) an ideal candidate for photonics and
electronics based applications. The chemical stability, ability to work at elevated
temperatures and harsh environments are also the reasons for preferring GaN. By
reducing the dimensionalities of GaN from 2D to 1D, enhanced optical and elec-
trical properties can be achieved [1, 2].
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Various methods are being preferred for the growth of gallium nitride nanowires
(GaN NW). Among them, chemical vapour deposition (CVD) serves as the most
conventional technique due to its simplicity. The growth of NW by CVD technique
often requires a metal (nickel, iron, gold and platinum) to act as a catalyst medium
where the growth process is governed via vapour–liquid–solid (VLS) mechanism
[3–5].

In the present study, GaN NW was grown on nickel/sapphire (Ni/S) templates
using CVD technique by VLS mechanism. By varying the time of growth, stage
wise growths of NW (i.e. from formation of GaN–Ni clusters to a fully grown GaN
NW) were observed. The results obtained through various characterizations such as
SEM, XRD and UV-Vis spectra, variation in the morphological, elemental distri-
butions, structural and optical properties were observed for the samples. The results
obtained and the observations made in the present study are briefly discussed.

38.2 Experimental Details

GaN NW was grown on c-plane sapphire substrates in a single zone horizontal tube
furnace by CVD technique. A thin nickel (Ni) layer of thickness *50 nm was
deposited using sputtering system and has been used as a source of catalyst. Prior to
GaN deposition, the Ni deposited sapphire substrates were annealed in the CVD
furnace at 900 °C for 1 h. These Ni/S templates were used for the growth of
GaN NW. High purity gallium (Ga) metal and liquid ammonia (NH3) was used as
sources of gallium and nitrogen respectively. Nitrogen (N2) gas was used as a
carrier gas. Ga metal and Ni/S were kept in the alumina boat with distance of
separation as 3 cm. The boat was then loaded at the center of a quartz tube, placed
within the CVD furnace. The furnace was heated at 5 °C per min for 3 h to achieve
the growth temperature of 900 °C. The time of growth was varied as 0.5, 1 and
1.5 h and subsequently, these samples were named A, B and C respectively.
Reaction between NH3 and Ga occurs by passing the carrier gas through a liquid
ammonia bubbler which carries the reactant gas into the furnace’s reaction zone.
The N2 flow was maintained at 400 standard cubic centimeters per minute (sccm)
throughout the reaction. After the NW growth, CVD furnace was cooled down
naturally.

The samples were characterized with SEM (Zeiss Evo 18) to observe their
growth behaviour, surface morphologies and elemental distributions. From XRD
(PAN analytical X’Pert PRO) results, the grown NW was found to be in Wurtzite
phase. Using the characteristic spectra obtained from UV-Vis spectrometer (JASCO
V-760), band gap of the GaN NW was calculated.
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38.3 Results and Discussions

The surface morphologies obtained from SEM reveal the stage by stage growth
behaviour of GaN NW as shown in Fig. 38.1. When precursors are allowed to react
with the substrate at 900 °C for 0.5 h, nucleation is favoured and the NW growth
originates from metal droplets as shown in Fig. 38.1a. By increasing the growth
time to 1 h, change in the size and shape of the droplets was observed as shown in
Fig. 38.1b. This is clear evidence that the growth of the NW has originated and the
reaction is continuous. Further increasing the growth time to 1.5 h, vermicular
GaN NW was observed as shown in Fig. 38.1c. From the inset of Fig. 38.1c,
presence of nickel catalyst on the apex of NW was observed, confirming that the
NW growth is governed by VLS mechanism. Diameter of the grown NW was
found to be *300 nm (image not shown here) which correlates well with the
diameter of Ni nanoparticles.

Table 38.1 represents the elemental contents of the samples obtained from SEM
operated at Energy Dispersive X-ray (EDX) mode. The table shows the elemental
percentage of Ga, N and Ni respectively. Apart from Ga, N, and Ni compositions,
little percentages of Aluminium (Al) and Oxygen (O) were also observed. These
compositions were from the sapphire substrates and due to surface oxidation. It was

Fig. 38.1 GaN NW grown by chemical vapour deposition on Ni/S template by varying the
growth time as: a 0.5 h, b 1 h and c 1.5 h. Insets represents high magnification image
corresponding to a, b and c respectively
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observed that, with growth time, the elemental percentages of Ga and N increased
with decrease in Ni percentage. Also, almost equal elemental percentages of Ga and
N were observed for maximum growth time. The elemental mapping also corrob-
orates with the EDX data as shown in Fig. 38.2. The pseudo colours representing
Ga, N and Ni for samples A, B and C, shown in blue, red and green respectively;
reveals the variation in elemental contents with respect to the growth time.

The crystalline nature of the GaN NW grown at different growth times was
confirmed using XRD. From Fig. 38.3, all the indexed peaks represent GaN (green
star), Ni (orange triangle), and sapphire substrates (yellow circle) respectively. The
diffraction peaks of GaN {(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (1 1
2)} were observed as matching well with the JCPDS data (089-8624). All these
peaks represent Wurtzite phase of GaN exhibiting hexagonal unit cells. Other

Table 38.1 Elemental percentage of the samples grown by varying the time of growth

Samples Growth time Elemental percentage (Counts)

Ga% N% Ni% Al% O%

A 0.5 h 28 ± 0.5 33 ± 0.5 20 ± 0.5 6 ± 0.5 13 ± 0.5

B 1.0 h 26 ± 0.5 46 ± 0.5 13 ± 0.5 4 ± 0.5 11 ± 0.5

C 1.5 h 40 ± 0.5 42 ± 0.5 6 ± 0.5 1 ± 0.5 11 ± 0.5

Fig. 38.2 Elemental maps revealing the distribution of Ga, N, Ni grown at: a 0.5 h, b 1 h and
c 1.5 h respectively
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reflections representing Ni {(1 1 1), (2 0 0)} and sapphire substrates (0 0 6) were
also observed. It was seen that, all the samples (A, B and C) exhibit good crystalline
quality.

UV-Visible spectroscopy was used to analyze the optical characteristics of the
grown GaN NW. From the characteristic spectra, using Kubelka–Munk function
[6], bandgap of the GaN NW was estimated to be 3.3 eV as shown in Fig. 38.4.
The plot between [F(R) * hm]2 vs photon energy (eV) is shown in Fig. 38.4.

Fig. 38.3 XRD pattern of the
GaN NW grown by varying
growth time as: a 0.5 h, b 1 h
and c 1.5 h

Fig. 38.4 UV-Vis spectra
representing bandgap of the
GaN NW grown at 1.5 h

38 Growth and Characterization of Gallium Nitride Nanowires … 253



38.4 Conclusion

The high density of gallium nitride nanowires were grown on nickel/sapphire
template by varying the time of growth. The stage by stage, vapour-liquid-solid
mechanism for the growth of nanowires was well understood. The crystalline
quality of the obtained nanowires was observed to be very good. These nanowires
were *300 nm thick and exhibit a bandgap of around 3.3 eV.

Acknowledgements The authors thank the financial assistance from the Dept. of Science and
Technology (DST), Govt. of India [Grant No: DST/TM/SERI/2K12/71(G)].
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Chapter 39
Effect of Growth Time on Thickness
of InAlN/GaN Heterostructures Grown
by MOCVD

Pradeep Siddham, Surender Subburaj, Prabakaran Kandasamy,
Jayasakthi Mathiyan, Shubra Singh and Baskar Krishnan

Abstract In this paper, InAlN epilayers were grown on the GaN/sapphire tem-
plates using metal-organic chemical vapour deposition (MOCVD) at 800 °C by
varying the growth time. The variation in growth time is believed to be directly
proportional to the thickness. The In composition and change in thickness of the
InAlN epilayers are found by High Resolution X-Ray Diffraction (HRXRD). The
roughness of InAlN epilayers decreases with increase in thickness of the epilayers,
which was found using Atomic Force Microscopy (AFM). Room temperature
Photoluminescence (PL) from InAlN exhibits GaN (362 nm) peak and yellow
luminescence (YL) for lesser thickness which is found to be suppressed with
increase in thickness of the epilayers. The optical band edge of InxAl1−xN ternary
alloy was estimated by optical absorbance.

39.1 Introduction

InAlN is believed to be a better performer than AlGaN which is used in opto-
electronics, high power and high frequency applications [1]. The alloyed binary
III-N semiconductors like AlN, GaN, InN have been studied extensively and the
major problem faced was the lattice mismatch with their binary buffer layers during
the growth of heterostructures [2]. Conventional AlGaN can be replaced by InAlN
as the barrier layer with high Al content [2]. The unique property about InAlN is the
lattice match with GaN, which is a buffer template. There is theoretical proof of
Vegard’s rule that composition of In in InxAl1−xN, should be 17–18% (x = 0.17–
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0.18) which gives the lattice match with GaN layer [3]. In terms of growth, InAlN/
GaN heterostructures are deemed with more difficulties. This is due to the fact that
the growth temperatures (Tg) of AlN (*1100 °C) and InN (* 600 °C), have a
large difference and also there is a huge mismatch of covalent bond between AlN
and InN, which results in phase separation and composition inhomogeneities. These
limitations lead to the lack of interest in InAlN/GaN heterostructure [4]. It is
necessary to overcome the growth related issues and to improve the quality of the
InAlN, because of the following advantages over AlGaN/GaN, (i) Large refractive
index contrast (Dn/n), (ii) Large band gap (about 4.4 eV at 300 K), (iii) Lattice
matched InAlN/GaN heterostructure which can produce a large 2DEG sheet carrier
density (Ns), with good mobility (le) and have a low sheet resistance (R). These
properties makes InAlN/GaN heterostructure an excellent option for HEMT’s rather
than AlGaN/GaN [4].

In the present work, InAlN/GaN epilayers were grown on sapphire (0001)
substrate by MOCVD to understand the effect of growth time on thickness of InAlN
epilayer. The structural, optical and morphological characteristics have been
studied.

39.2 Experiments

The InAlN layers were grown by MOCVD (AIXTRON 200/4 RF-S) having hor-
izontal flow 1 � 2″ reactor. The precursors used for Ga, In, Al and N are
trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum (TMAl)
and ammonia (NH3) respectively. A 20 nm GaN nucleation layer was grown at a
low temperature (LT) of 520 °C followed by a 2.2 lm GaN buffer layer, grown at a
high temperature (HT) of 1010 °C. The InAlN layers were grown on GaN buffer
layers by varying the growth time as 5, 15 and 30 min at 800 °C and named as T5,
T10 and T30 respectively. The variation in growth time is believed to be directly
proportional to the thickness [5]. After the growth of the samples, the composition
and thickness of the as grown InAlN epilayers were analyzed by High Resolution
X-Ray Diffraction (HRXRD). The strain of InAlN epilayers were measured using
Reciprocal space mapping (RSM). The surface morphology and roughness of the
epilayers were examined using atomic force microscopy (AFM, Park XE-100).
Photoluminescence (PL) of the InAlN layer was excited by monochromatic emis-
sion of 2nd harmonic (244 nm) of continuous wave Ar+ laser (488 nm). The PL
spectra and the optical absorbance of the epilayers was measured at room
temperature.
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39.3 Results and Discussion

39.3.1 Analysis of Thickness and Composition

The thickness and composition of three samples (T5, T10 and T30) with different
growth timings have been determined using HRXRD by x − 2h scan in the (0 0 0
2) and (10–15) planes. Figure 39.1 shows the simulated pattern was matched with
the experimental diffraction pattern of T30 using PANalytical X’pert Epitaxy
smooth fit software. It depicts that the thickness and In composition of InAlN layer
as *30 nm and *9% respectively. Figure 39.2a shows the X-ray diffraction
patterns of the x − 2h scan in (0 0 0 2) plane of as grown samples. The thickness of
the InAlN epilayers with different growth timings were determined as *5–30 nm
with Indium composition *9% for all the three samples. Due to the presence of
GaN buffer layers in the samples, the centre peaks originate at 0 arc-sec in the X-ray
diffraction pattern (Fig. 39.2a). The InAlN layer of T5 sample which was grown for
5 min is not observed in the diffraction pattern of the x − 2h scan due to the lower
thickness of the epilayer. The T10 sample is observed to have an increase in
intensity due to the increase in thickness of the InAlN layer to *10 nm. The above
observation is illustrated in Fig. 39.2a.

39.3.2 Reciprocal Space Maps

RSM is an effective method to view the presence of mosaic structure and strain in
InAlN epilayers with different growth timings. Figure 39.2b shows the symmetric
(0002) reflections of the GaN and InAlN layers. The pole position of the InAlN and
GaN layers can be seen in the RSM figure of (0002) reflections for T10 and T30
samples. However the presence of InAlN epilayer of T5 sample is not clear from
RSM studies due to lower thickness. Thin layer of InAlN leads to composition

Fig. 39.1 Simulation of HRXRD x − 2h rocking curves with the X’Pert Epitaxy software of the
InAlN epilayers
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inhomogeneity and phase separation due to the large mismatch of covalent bond
length and growth temperature between InN and AlN [6]. In0.09Al0.91N layer is
expected to be relaxed but the relaxation of these samples are not observed in (10–
15) RSM because of the lower intensity of signals from InAlN layers with thickness
around *5–30 nm are masked by the intense GaN peak, which is in agreement
with the literature [7]. The studies show that growth time should be more than
5 min to overcome the problem like Ga incorporation from GaN buffer layer.

Fig. 39.2 a x − 2h X-ray diffraction peaks around (0002) plane of InAlN samples. b RSM of
InAlN/GaN samples in the (0002) symmetric reflection for different thickness
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39.3.3 AFM Analysis

The surface morphology of InAlN epilayers were studied by AFM. Figure 39.3
shows the AFM images of the samples T5, T10 and T30. The root-mean-square
roughness (Rq) (2 � 2 lm2) varies between 0.279 nm (for sample T30) and
0.660 nm (for sample T5). Sample T30 has a smooth surface with low rms rough-
ness (0.279 nm) as compared to other samples whereas T5 and T10 have roughness
of 0.660 and 0.494 nm respectively. Based on the observations it was found that the
roughness of the InAlN epilayer decreases with increases in thickness [7].

39.3.4 Analysis of Photoluminescence and Optical
Absorbance

The room temperature PL spectra of InAlN/GaN layers are shown in the Fig. 39.4a.
The PL of T5 shows the band edge emission of 362 nm due to the lower thickness
of the InAlN layer resulting in incorporation of Ga from the GaN buffer layer [8].
The broad luminescence centred at 564 nm is the YL band. In addition, an emission
at 660 nm, which is red luminescence (RL) is observed for all the three samples. It
could be due to strong exciton localization on In-rich regions in the InAlN/GaN
epilayers [9]. Emission band centred at*470 nm (blue luminescence) are observed
clearly in T10 and T30 samples due to nitrogen vacancies [10]. The broad peak at
about 450–500 nm was attributed to a deep-level defect (DLD) luminescence of
InAlN [11]. PL plot shows a suppression of GaN peak (362 nm) upon increasing
the thickness of InAlN epilayers which is attribute to an increase in Al and N
vacancies. It is observed that intensity of YL decreases with decrease in roughness
of epilayers obtained by AFM. The band edge emission (244 nm) for In0.09Al0.91N
layer is not observed in this PL spectrum because epilayers were excited using
244 nm monochromatic emission. Absorption band edge of the T5, T10 and T30
layers are obtained by optical absorbance measurement shown in Fig. 39.4b and is

Fig. 39.3 AFM images (2 � 2 lm2 scan) of InAlN samples
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found to as 5.0 eV (244 nm) for T10 and T30 samples. For a band gap of 5 eV the
In composition is 9% (x = 0.09) in InxAl1−xN layer as obtained from Vegard’s rule
[12] and it is in agreement with the composition obtained from HRXRD
measurements.

39.4 Conclusions

In conclusion, the InAlN epilayers with different thickness, grown by MOCVD
have been investigated by varying growth timings. HRXRD analysis helps us to
find the In composition as well as thickness of the epilayers as 9% and *5–30 nm
respectively. Optical absorbance measurements gives the In composition as 9%.
InAlN epilayer with 91% of Al composition is expected to be relaxed but the

Fig. 39.4 a Room
temperature PL spectra and
b optical absorbance of InAlN
grown on GaN with different
thickness
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relaxation of In0.09Al0.91N epilayer is not observed in (10–15) plane RSM.
Roughness of the InAlN epilayers decreases with increase in thickness observed in
AFM studies. PL spectra and optical absorbance measurements confirm the Ga
incorporation in InAlN epilayer from the GaN buffer layer when the thickness of
the InAlN epilayer is less than *10 nm.
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Chapter 40
Direct Epitaxial Lateral Overgrowth
of GaN on Sapphire

Viswas Sadasivan and Manish Mathew

Abstract A regrowth-free direct epitaxial lateral overgrowth method for MOCVD
GaN on Sapphire is demonstrated here. The mask used is 2 lm thick SiO2 stripes
with 5 lm separation and 19 lm period, formed on c-plane sapphire substrate. An
uninterrupted two step growth process has been developed to obtain appropriate
growth rates in vertical and horizontal directions. Coalescence has been achieved
when the stripes were aligned perpendicular to the primary cut. The AFM image
revealed *1.4° surface tilt in the regrown regions. Photoluminescence study
showed uniformity in the central region of the wafer and slight broadening of the
spectrum, possibly due to defects in the coalescence region.

40.1 Introduction

ALINGAN heterostructures are currently the preferred semiconductor system for
UV to green emission. Successful lasers with >1000 h life followed various defect
reduction methods [1], among which epitaxial lateral overgrowth (ELOG) was a
key milestone. Conventionally, ELOG using MOCVD involve first, a growth of
seed GaN layer, followed by masking or etching [1, 2], and then a second growth
for coalescence. Such re-growth often leads to contamination. A few reports of
direct ELOG of GaN on sapphire exists [3]. Here, a direct ELOG process on
sapphire has been developed with thick SiO2 masks so that nucleation and buffer
regions stay in trenches.
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40.2 Experiment

Bare sapphire half wafers have been covered with 2 lm thick SiO2 deposited using
PECVD. Lithography was performed and Cr mask has been lifted off to define
stripes having 5 lm separation and 19 lm period. Exposed SiO2 has been etched
using the Cr mask in CF4 + O2 plasma. In one wafer named S-1, orientation of the
stripes has been kept perpendicular to the primary flat (along [1�100]) and in another
wafer S-2, the same has been kept parallel to the primary flat (along [11�20]). The
initial growth recipe had high reactor pressure and low V/III ratio in order to fill the
opening. Further, the growth proceeded with low pressure, higher temperature and
high V/III ratio until coalescence was achieved in S-1. During the processes the
pressure, temperature and V/III ratio has been chosen such that surface quality
would be retained [1].

Fig. 40.1 Cross section SEM
image of a S-1 with stripes
kept perpendicular to the
primary flat (along [1�100])
b S-2 with stripes kept
parallel to the primary flat
(along [11�20])
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40.3 Results

The MOCVD growth time has been two hours. Some gaps remained unfilled after
the growth, presumably due to remaining SiO2 in trenches. The SEM cross section
of the sample obtained after cleaving is shown in Fig. 40.1. The vertical and lateral
over growth has been measured in the SEM to be *6 and *7 lm respectively.

Fig. 40.2 AFM image of S-1: a factory-roof like topography due to b profile with *230 nm step
at coalescence boundary

40 Direct Epitaxial Lateral Overgrowth of GaN on Sapphire 265



The top AFM image is presented in Fig. 40.2. The AFM analysis showed a step
of 230 nm at the coalescence boundary and a surface tilt of *1.4° with respect to
c-axis. Coalescing did not take place in S-2, as expected [4]. The normalised PL
plot shown in Fig. 40.3 shows line width similar to GaN/sapphire for S-1, with
slight broadening attributed to defects at coalescence boundary. PL broadening in
S-2 is attributed to poor lateral growth and lack of coalescence. The PL map of S-1
shows uniform FWHM in the centre region with ELOG, while the sides indicate
more defects. ELOG GaN had relatively clean cleavage and may provide laser facet
unlike plain GaN/sapphire.

Acknowledgements This work is funded by SERB grant number: PDF/2016/003757 and the
facilities are provided by CEERI Pilani.

References

1. H. Morkoç, Handbook of Nitride Semiconductors and Devices Vol 1 Material Properties
Physics and Growth, vol. 1, 3 vols. (WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

2. M. Takeya, K. Yanashima, T. Asano, T. Hino, S. Ikeda, K. Shibuya, S. Kijima, T. Tojyo, S.
Ansai, S. Uchida, Y. Yabuki, T. Aoki, T. Asatsuma, M. Ozawa, T. Kobayashi, E. Morita, M.
Ikeda, AlGaInN high-power lasers grown on an ELO-GaN layer. Proc. Tenth Int. Conf. Met.
Vap. Phase Epitaxy 221(1), 646–651 (2000)

3. Q. Ji, L. Li, W. Zhang, J. Wang, P. Liu, Y. Xie, T. Yan, W. Yang, W. Chen, X. Hu, Dislocation
reduction and stress relaxation of GaN and InGaN multiple quantum wells with improved
performance via serpentine channel patterned mask. ACS Appl. Mater. Interfaces 8(33),
21480–21489 (2016)

Fig. 40.3 a PL plot of ELOG and plain GaN/sapphire. b The PL map of S-1

266 V. Sadasivan and M. Mathew



4. F. Bertram, T. Riemann, J. Christen, A. Kaschner, A. Hoffmann, K. Hiramatsu, T. Shibata, N.
Sawaki, Epitaxial lateral overgrowth of GaN structures: spatially resolved characterization by
cathodoluminescence microscopy and micro-Raman spectroscopy. Mater. Sci. Eng., B 59(1),
117–121 (1999)

40 Direct Epitaxial Lateral Overgrowth of GaN on Sapphire 267



Chapter 41
Thermal Control of Stress in Photoresist
Film for Improving Selectivity
in Electro-Plating Process

Niraj Kumar, Rajesh Kumar Jat, Prateek Kumar,
Hemant Kumar Saini, Sneh Lata, Rupesh Kumar Chaubey,
Robert Laishram, Vanita R. Agarwal and D. S. Rawal

Abstract In this work, we report the effect of stress generated in a photo-resist film
during micro lithography sequence and its impact on selective electro plating
process. Series of experiments were carried out to find an optimum pre-bake
temperature which resulted in more control over stress generated in the photo-resist
film and hence seepage free smooth plating process.

41.1 Introduction

THE positive tone photo resist OIR 908-35 shows excellent thermal properties and
good wet etch adhesion for patterns of submicron level. Its thickness can be varied
from 3 to 5 µm [1] as shown in Fig. 41.1 which is verified with the photoresist by
experimentation. These properties make this photo resist a very suitable candidate
for deep trench etching and thick electroplating. When fabricating power devices
thick metal pads are required for high power handling capacity (of the order of 8–
10 W/mm) and thickness is also essential for fabrication of high crossover struc-
tures in micro-fabrication process for high throughput biased applications. Thick
photo resist generally comes with limitations in terms of resolution and depth of
focus which is good as per our requirements in case of OIR 908-35 its
Resolution < 0.47 lm and DOF > 1.8 lm [1]. Metal deposition via electroplating
technique in micro fabrication have various challenges which increases with
thickness of deposition. Stress in thick photo resist films, thermal mismatch
between substrate and photo resist further enhancing the stress results into resist
cracking. These cracks leads to poor selectivity of electroplating. Stress increases
with rise in baking temperature and at low temperature Poor adhesion of photo
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resist bounds us to optimize it somewhere in between to get good selectivity. This
work has been done to address the issue of poor selectivity while using thick photo
resist and optimizing the parameters for smooth and sharp electroplated profile.

41.2 Aim of Study

The electroplating processes are used for deposition of thick metal structures for
interconnections in the micro fabrication process [2]. Prior to selective electro-
plating process the microlithography is used to define the structures for selective
electroplating process. The microlithography process comprises cleaning, hard
bake, spin coating, soft bake, exposure, development of pattern and hard bake steps
prior to electroplating process, each of these steps are optimized for getting opti-
mum results. Using thick photo resist is essential as the targeted thickness for
electro plating is 3.5 µm. The hard bake process just before the electroplating step
is a source of stress generation in the photo resist film. If not baked properly this
may result in cracking and further de-lamination of the photoresist film as per the
extent of cracking which eventually may lead in poor structure stability in case of
interconnects and air bridges, seepage in between metal pads leading to sorting and
eventually device failure. We have performed a systematic hard baking step study
to find out the optimum pre-bake temperature for a smooth and sharp electroplating
process.

41.3 Fabrication Process

Typical fabrication process starts with cleaning of wafer which is essential for
ensuring surface quality. Organic cleaning is done using Tri-chloro ethylene, ace-
tone, Isopropyl alcohol and de-ionized water. Seed metal is deposited to make the
surface conducting which is essential for electroplating. Thick uniform film of

Fig. 41.1 Schematic of fabrication process
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photo resist is coated using spin coater system. The spin speed can be varied to get
the desired thickness of photo resist film typically from 2000 to 5000 rpm giving
thickness 5–3.2 lm respectively for OIR 908-35 [1] (Fig. 41.2).

t / 1
ffiffiffiffi

x
p ð41:1Þ

The thickness of photo resist used is 4 lm as the target for electroplating is
3.5 lm. Soft bake is done to remove the excess solvent present in the photo resist
after spin coating. Photo resist coated wafer is subjected to masked exposure with
i-line UV exposure system followed by developing with suitable developer for
realization of desired geometrical patterns. The patterned wafer is baked at three
temperatures using hot air oven before electroplating to minimize the stress and
adhesion related issue for smooth and good selective electroplating process. After
hard bake, electroplating process was carried out on the wafers with plating current
density of 4 mA/cm2. The current density controls rate of electroplating; the used
value is optimized after a series of experimentations. Low current density decreases
the rate of deposition which is not suitable for thick electroplating. High current
density will increase the rate of deposition but also affects the grain size and
pin-hole density which increases with increase in current density these results in
porous electroplating further poor device performance. The plated thickness mea-
sured was 3.5 lm (Fig. 41.3b).

Fig. 41.2 Resist thickness versus spin speed for OIR 908-35 photo resist
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41.4 Results and Discussion

From the Fig. 41.3a it is clear that the photo resist film is seen delaminated. This
may be due to either poor adhesion or stress generated in the film during hard bake.
But Fig. 41.3b shows the good adhesion and good plating which was done at a
higher temperature i.e. 110 °C. Hence it is clear that 100 °C photo resist was
delaminated due to poor adhesion with the gold film and traces of photo resist film
which looks overlaying on the surface is due to pressure of gas used for drying as
the adhesion was poor while drying, the layers just got delaminated. Further
Fig. 41.3c shows the merged plated structures which are because of stress generated
in the photo-resist film due to temperature which lead to seepage of the plating
material in undesired or protected region. This leads to merged structures. This
image also shows how critical and important are to optimize this as the merge
structures simply points to sorting and device failure.

41.5 Conclusion

We have studied the effect of pre bake temperature on selective electroplated metal
profile during the micro fabrication process using thick photo resist. The stress
generated in Oir 908-35 photo resist was controlled thermally and a suitable pre
plating bake temperature was obtained which resulted in a smooth and sharp
electroplated profile.
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Fig. 41.3 Effect of variation of pre-plating hard bake on selectivity of electroplating, (a) 100 °C,
(b) 110 °C, (c) 120 °C

272 N. Kumar et al.



Chapter 42
Surface Study of AlGaN/GaN
High Electron Mobility Transistor
for Fabrication Process Improvement

Rupesh Kumar Chaubey, Anshu Goyal, Robert Laishram,
Sonalee Chopra, Amit, Niraj Kumar, Prateek Kumar
and Hemant Kumar Saini

Abstract In this paper, we report the study of electronic surface of AlGaN/GaN
High Electron Mobility Transistor (HEMT) for process improvement of power
devices fabrication. HCl based pre-metal treatment was used to remove native
oxides from the HEMT surface and an optimum pre-metal treatment timing was
achieved which was confirmed from X-ray Photoelectron spectroscopy study.

42.1 Introduction

The wideband gap (WBG) semiconductors offer many physical characteristics that
make them useful over conventionally used Si material [1, 2]. The AlGaN/GaN
heterostructure system is used for the fabrication of high electron mobility transistor
(HEMT) devices. The excellent material properties of this system over conventional
semiconductor material system make it a suitable candidate for the high frequency
high power applications. The spontaneous and piezoelectric properties of the
heterostructre material system results in high carrier concentration (2DEG) at the
material interface without any intentional doping. The origin of these 2DEG is
attributed to donor surface states [3–5].

Apart from their superior material properties, there exists certain technological
barrier, which makes it difficult in the optimization of the GaN HEMT device
performance. The formation of ohmic contact with low contact resistance is such a
challenging area for the AlGaN/GaN HEMT fabrication technology. The ohmic
contact formation is an important step in the HEMT fabrication cycle as it also
governs the DC and RF performances of the device [6]. The contact resistance of
the ohmic contacts formed on the AlGaN/GaN HEMT affects the resistive heating,
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RF power output and power added efficiency of the devices. Therefore to achieve
high performance devices it is essential to achieve low resistive ohmic contacts to
AlGaN/GaN HEMT structures. The reliability and stability of the AlGaN/GaN
HEMT are largely influenced by their surface electronic states & defects and sur-
face cleaning is an important step before metal deposition process hence pre-metal
treatments are used just before loading the wafer in metallization unit for the metal
deposition in device fabrication process.

In this work, we’ve studied the effect of HCl based pre-metal treatments on the
electronic surface of the AlGaN/GaN HEMT using X-ray photoelectron spec-
troscopy (XPS) technique for the process improvement for the power HEMT
devices fabrication.

42.2 Experimental Details

The MOCVD (Metal organic Chemical vapour deposited) grown AlGaN/GaN
HEMT typical structure used for this study is shown in Fig. 42.1.

For the surface study, the XPS measurements were carried out on as grown
AlGaN/GaN HEMT wafer. The standard photolithography and oxygen plasma
de-scumming process were done to define the ohmic pattern. It was followed by
pre-metal treatment with HCl: DI to remove the residual oxides from the surface.
For each pre-metal treatment timing, the XPS spectra was recorded immediately
after the treatment.

The standard integrated circuit fabrication processes were implemented to form
ohmic contact on wafers with two pre-metal treatment timings. Two different
pre-metal timings were used and metal ohmic contact formation was carried out
using Ti/Al/Ni/Au stack followed by the rapid thermal annealing. The Transmission
Line Method measurements were carried out for contact resistance calculation and
result were compared.

SiC

Nucleation Layer

GaN               Buffer

AlN

GaN

Al
x
Ga

(1-x)
N

Fig. 42.1 Layer structure
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42.3 Results & Discussion

It was found that surface of as grown wafer showed no signal of Al–O formation as
shown in Fig. 42.2. The plasma de-scum process was done to clean the surface
which resulted in oxide formation as found with XPS measurement and shown in
Fig. 42.3 which is showing formation of Al–O at the binding energy of 74.4 eV
[7–10] (Fig. 42.4).

The optimum pre-metal treatment timing obtained from the XPS study was
implemented in the ohmic process and the contact resistance value obtained were
50% better than that obtained from lesser pre-metal treatment timing.

Fig. 42.2 XPS spectra of
as-grown Al signal

Fig. 42.3 XPS spectra of
plasma treated Al signal
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The improved performance can be explained on the basis of ohmic contact
current conduction mechanism. The tunneling current in an ohmic contact can be
given as [11];

JSM ¼ A�T=kð Þ
Z

FsP Eð Þ 1� Fmð ÞdE ð42:1Þ

where A* is the Richardson’s constant, T is the temperature, k is the Boltzmann’s
constant Fs and Fm are Fermi-Dirac distribution functions in metal and semicon-
ductor respectively, and P(E) is the tunneling probability given by

P Eð Þ� exp �2UB=hð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
esm�=Nð Þ

ph i
ð42:2Þ

where UB is the metal-semiconductor barrier, m* is the effective mass of the tun-
neling carrier, N is the doping density in the semiconductor and h is the Planck’s
constant.

Using (42.1) and (42.2), current is

JSMa exp �2xd
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8m�p2

p
ðqUB � qVÞ=h2

h i
ð42:3Þ

where xd is the depletion region width at the interface. From above (42.3) it is clear
that in the presence of an interfacial oxide layer the value of xd increases which
results in reduced current value across the junction. The removal of interfacial oxide
layer with optimized pre metal treatment time resulted in improved ohmic contact
performance. The measured figure of merit for optimized pre metal treatment timing
was 0.27–0.45 X mm compared to 0.70 X mm for lesser pre metal treatment time.

Fig. 42.4 XPS spectra
comparison of Al signal for as
grown and optimum pre-metal
treatment timing
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42.4 Conclusion

The effect of different pre-metal timings on electronic surface of AlGaN/GaN high
electron mobility transistor was studied using X-ray photoelectron spectroscopy
technique. An optimum timing was obtained for HCl based pre-metal treatment,
which resulted in the improved ohmic contact and a better value of contact
resistance.
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Chapter 43
The Dependence of off-State Breakdown
of AlGaN/GaN HEMTs on Buffer Traps,
Gate Bias and Field Plate

Sukalpa Mishra, Sudipto Bhattacharya, D. S. Rawal
and S. Karmalkar

Abstract We investigate AlGaN/GaN HEMTs which show a large increase in
measured off-state breakdown voltage, VBR, from near-VT to deep-off state VGS

conditions, accompanied by a positive shift in measured VT, when these devices are
stressed electrically by alternating ID–VGS and ID–VDS measurements. We show
that, if stress is assumed to cause spatially uniform changes, the above variations in
VBR and VT can be explained in terms of increased ionized deep acceptor trap
concentration in the GaN buffer. We also show that, the near-VT VBR is due to
space-charge limited current while the deep off-state VBR is due to impact ioniza-
tion. Our simulations predict that the incorporation of a field plate in the device can
enhance the latter VBR significantly, but may not change the former VBR much.

43.1 Introduction

Several works [1, 2] have studied the off-state breakdown, VBR, of AlGaN/GaN
High Electron Mobility Transistors (HEMTs). Still, a comprehensive understanding
of this phenomenon is lacking. Let ID, VDS, VGS and VT denote the drain current,
drain-source voltage, gate-source voltage and threshold voltage of the HEMT.
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43.2 Aim(S) of the Study

We seek to: (a) explain the large increase in measured VBR from near-VT to deep-off
state VGS conditions that is accompanied by a positive shift in measured VT, in
devices stressed electrically by a series of alternating ID–VGS and ID–VDS mea-
surements; (b) simulate the increase in VBR of these devices on incorporation of a
field plate (FP).

43.3 Method

AlGaN/GaN HEMTs without FP were fabricated in SSPL, New Delhi. These have
a centrally placed 150 lm wide gate, 4 and 6 µm source-drain spacing, and other
layers shown in Fig. 43.1. Each device was subjected to an initial ID–VGS mea-
surement at VDS = 0.1 V to identify it’s VT, and then a near-VT off-state ID–VDS

measurement at VGS = −4.1 V to identify it’s VBR (=VDS @ ID = 0.15 mA). This
sequence of ID–VGS and ID–VDS measurements was repeated for VGS = −9.5 V, i.e.
deep off-state, followed by a final ID–VGS measurement. Figure 43.2 shows the
initial and final ID–VGS measurements to highlight the shift in VT due to the electric
stress caused by the various measurements. Figure 43.3 shows the ID–VDS mea-
surements for VGS = −4.1 and −9.5 V.

Simulations were done using Silvaco TCAD. Gate leakage was neglected. The
changes in the trap or 2-DEG concentrations caused by stress were assumed to be
spatially uniform. Let NDT

+ and NAT
− denote the ionized deep donor and acceptor trap

concentrations in the GaN buffer, respectively. From literature [2, 3], we assumed the
metal work function = 5.2 V, GaN (AlGaN) band gap = 3.45 (3.96) eV,
NDT
+ = 2 � 1017 cm−3, trap levels of Ec–EAT, Ec–EDT = 2.85, 0.5 eV, and saturation

velocity, vsat = 2 � 107 cm/s. The 2-DEG concentration, ns0 = 9.67 � 1012 cm−2

0.7    0.55 μm

4 μm, 6 μm

0.45 μm

VGS VDS

2-DEG (9.67 × 1012 cm-2) 

GaN (2.5 µm, 1 x 1014 cm-3) 

Al0.23Ga0.77N (26 nm)

SiN (0.21 µm)

FP

Fig. 43.1 Device structure
with a field plate. Fabricated
devices have no field plate
and 0.1 lm thick SiN
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was obtained from Hall effect measurements. The parameters NAT
− and the mobility,

µn, given in Table 43.1, were extracted bymatching the simulated ID–VGS curve to the
measured ID–VGS data near VT (see Fig. 43.2). The same µn was used in ID–VDS

simulations, since these are sensitive to vsat rather than µn. Using theseNAT
− and µn, the

impact ionization parameters—AN, P and BN, P were adjusted to match the ID–VDS
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Fig. 43.2 Measured (points) and simulated (lines) ID–VGS data
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Fig. 43.3 Measured (points) and TCAD simulated (lines) ID–VDS data

Table 43.1 Parameters derived by matching simulations and measurements; NAT
− and µn are

obtained from ID –VGS data; AN, P and BN, P are obtained from ID–VDS data

Parameter used in simulation VGS = −4.1 V VGS = −9.5 V

4 µm 6 µm 4 µm 6 µm

µn (cm
2 V−1 s−1) 700 700 400 280

NAT
− (1015 cm−3) 7.75 8.0 45 140

AN, P = 2 � 108 cm−1 BN, P = 1.85 � 107 V cm−1
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simulations to the rapidly rising portion of the measured data for VGS = −9.5 V
signifying avalanche breakdown (see Fig. 43.3). The above parameters were used to
complete the off-state ID–VDS simulations for devices with and without FP at
VGS = −4.1 and −9.5 V.

43.4 Results

The measured temperature coefficient of VBR was negative at VGS = −4.1 V but
positive at VGS = −9.5 V, and the breakdown ID was found to flow into the source.
This implies that, in Fig. 43.3, the measured VBR at VGS = −4.1 V is due to
space-charge limited current (SCLC) [4], while that at VGS = −9.5 V is due to
impact ionization.

The above justifies the extraction of impact ionization parameters from the ID-
VDS data at VGS = −9.5 V. It also allows us to attribute the positive shift in VT of
0.2–0.4 V during measurements, seen in Fig. 43.2, to increased NAT

− rather than
reduced ns0 (caused by electron trapping inside or above AlGaN layer, or by
changes in polarization). This is because simulations of the 4 lm device without FP
at VGS = −9.5 V show the following: With same NAT

− as that at VGS = −4.1 V but
reduced ns0 to simulate the 0.2 V VT shift, we get SCLC induced VBR = 51 V �
measured VBR = 90 V. However, if the VT shift is simulated by increasing NAT

− (see
Table 43.1) keeping ns0 constant, the buffer electron concentration is suppressed,
delaying the rise of SCLC to VDS � 90 V; the impact ionization induced avalanche
sets in earlier at VDS = 90 V = measured VBR. Similar results were obtained for the
6 lm device.

In Fig. 43.3, the simulated ID–VDS curves match the measured data in the
breakdown region. However, there are two discrepancies below breakdown: (a) the
simulated current remains much below the measured data; (b) for the 6 lm device at
VGS = −9.5 V, the simulated current does not rise as rapidly as the measured
current. The reason for (a) is that we neglected gate leakage. The reason for (b) is
that the simulated current appears to be due to a combination of SCLC and impact
ionization; this point is being investigated. Moreover, if we relax the assumption of
spatially uniform changes due to stress, and allow the stress induced changes in the
gated and ungated regions to differ, a variety of scenarios may be able to explain the
observed changes in VT and VBR. A comprehensive study of these possible sce-
narios is underway.

The ID–VDS curves of the devices with a FP predict that the FP will have almost
no impact on the SCLC induced VBR at VGS = −4.1 V, but can increase the impact
ionization induced VBR at VGS = −9.5 V by as much as *100%. These VBR esti-
mates may get modified when the effects of gate leakage and traps on the AlGaN/
GaN surface or in the AlGaN layer are included.

Acknowledgements We thank B. Prasannanjaneyulu for helpful discussions.
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Chapter 44
Terahertz Properties of GaN/AlGaN
Heterostructure IMPATT Diode

S. K. Swain, S. R. Pattanaik, Janmejaya Pradhan and G. N. Dash

Abstract The terahertz properties of a Double Drift Region (DDR) heterostructure
IMPATT diode, based on GaN/A1GaN, are simulated for operation around 0.5
THz. The device DC to RF conversion efficiency of 17.1% and a noise measure of
21 dB, expected from the heterostructure GaN/A1GaN IMPATT diode, are
noteworthy.

44.1 Introduction

THE terahertz regime is waiting for successful solid state devices contributing
significantly towards the feasibility of modern terahertz communication systems.
IMPATT (IMPact Avalanche Transit Time) diode, owing to its high power gen-
erating capabilities [1–3] is being investigated extensively in this regard though all
the works are simulation based. It is an established fact that the performance of an
IMPATT diode significantly depends upon the underlying base material. The
bandgap of a semiconductor is vital in deciding many material properties of the
semiconductor and thus play an important role in the operation of avalanche transit
time millimeter wave devices. Semiconductors with higher band gaps possess a
lower carrier ionization rates and are associated with high breakdown fields. GAN,
a wide bandgap semiconductor, is now being treated as technologically important
material for high frequency and high power device applications [4, 5]. If chosen as
base material for an IMPATT diode, it is expected to generate high microwave
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power. It would also provide better thermal stability due to its high value of thermal
conductivity. Last two decades have witnessed significant developments in GAN
related devices. Further, it has been reported that the incorporation of
heterostructure helps reducing the noise of an IMPATT diode. Lattice matching
between the material pairs is the prime requirement for forming a heterojunction. In
addition a second requirement is expected to be fulfilled to extract microwave
power from the IMPATT diode. The two materials must have a widely different
ionization rates so that one with lower value will be chosen for the drift region and
the other with higher value for the avalanche region. We have noted that these
requirements are fulfilled by the material pair GaN and AlxGa1−xN. So, we have
tried to explore the potentials of GaN/AlGaN heterostructure for possible IMPATT
applications in the terahertz frequency using our computer aided simulation
scheme.

44.2 Design and Computer Simulation Method

The simulation method comprises of static analysis, small signal analysis and noise
analysis and involves complex nonlinear solutions [1]. The simulation begins with
static analysis considering the active region of the heterostructure double drift
region (DDR) IMPATT diode to be consisting of many small space points. A one
dimensional schematic diagram of the proposed diode structure is shown in
Fig. 44.1. The total active region width is taken to be 170 with 50 nm for the p-side
and 120 nm for the n-side respectively. The doping concentration for n-side and
p-side are optimized for an optimum punch through factor.

The complex nonlinear equations involved in the simulation are solved simul-
taneously at each space point of the active layer of the diode. The simulation takes
into account the contribution from each space point and thus effectively determines
the DC electric field profiles, breakdown voltage, carrier current profiles, etc. for the
proposed diode. The simulation program, employed for this purpose, iterates over
the value of the electric field maximum and its location near the n-p junction of the
diode subject to the usual boundary conditions. The results obtained from the DC
analysis are further used for the small signal analysis. The device parameters such
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Fig. 44.1 A 1-D schematic diagram of the proposed heterojunction DDR IMPATT Diode
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as negative conductance (-G), susceptance (B) and negative resistance (-ZR) of the
diode are determined taking into account the contribution of each space point.

Noise generation in the IMPATT device is inevitable due to the fundamental
process involved in the IMPATT diode operation. So noise is an important aspect of
in most of the performance analysis study of an IMPATT diode. The noise char-
acteristics of the diode structure are computed using a generalized noise simulation
scheme developed by our group. The noise source is first considered in a space
point at the beginning of the depletion region and two second-order differential
equations for real and imaginary part of noise electric field are solved with nec-
essary boundary conditions. From this, the noise source is then shifted to the next
space point and the procedure is repeated until the noise source covers the entire
active region. The noise characteristics like mean square noise voltage per band-
width (MSNVPBW) and noise measure (NM) of the proposed IMPATT diode are
computed from this analysis. A more detailed simulation method can be obtained
from an earlier report [1]. The recently reported material parameters data [6, 7] for
GaN and AlGaN are considered to make the present study more effective.

44.3 Result and Discussion

The efficiency, power output and noise properties are computed for the proposed
GaN/AlGaN heterostructure IMPATT diode and are presented here. Effort has been
made for the optimization of device performance with respect to the AlGaN layer
width, keeping the total active region width constant. In Table 44.1, the DC and
small signal properties of are listed. We are excited to obtain a device DC to RF
conversion efficiency of 17.1%. This is due to the fact that the incorporation of
heterostructure localizes the avalanche region. Further, there exists a jump in
electric field values due to the differences in the dielectric constants of GaN and
AlGaN. It will contribute to the increase in drift voltage as well as breakdown
voltage. This in turn will increase the efficiency of the device. The device negative
conductance value of 2.1 � 108 Sm−2 along with the power density of
5.46 � 1010 W/m2 is also noteworthy. It is to mention here that the power density
is directly proportional to the negative conductance.

Table 44.1 Properties of the heterostructure IMPATT diode structure at 0.5 THz

Device properties GaN/AlGaN IMPATT diode

Breakdown voltage (V) 45.6

Efficiency, g (%) 17.1

Avalanche region width XA/W (%) 35.0

Negative conductance (Sm−2) 2.1 � 108

Power density (Wm−2) 5.46 � 1010

Noise measure (dB) 21
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IMPATT diodes are considered as high power solid state devices and it also
suffers from noise. One significant factor to evaluate the noise to power perfor-
mance of the diode is noise measure (NM). We have done the computation for
mean square noise voltage and noise measure for the proposed IMPATT diode.
A noise measure of 21 dB at 0.5 THz found to be very sensational for possible
IMPATT operation at such a high frequency. The reason for such observation can
be understood from the fact that both the material GaN and AlGaN are having
different ionization coefficients. The ionization process can be controlled to some
extent by proper choice of their width in the device active region. We have also
done an optimization in the layer widths of the heterostructure for this purpose.

44.4 Conclusion

The prospects of GaN/AlGaN heterostructure based IMPATT diode are simulated
with our computer simulation programs. It would be one of the best suited materials
with efficiency as high as 17.1%. The expected power density of 5.46 � 1010 W/
m2 is also an added advantage. In addition, the noise measure of the proposed
IMPATT diode is also significantly low at 21 dB. So it will carry impetus in further
design and developments of IMPATT diode to operate in the terahertz regime.
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Chapter 45
Enhancement-Mode High Electron
Mobility Transistor on SiC Substrate
with T-Gate Field Plate for High Power
Applications

Subhash Chander, Ajay and Mridula Gupta

Abstract A normally Off-GaN based High Electron Mobility transistor is simu-
lated using Sentaurus TCAD and demonstrated the DC and BV characteristics of
the device. The divergence in the polarization charges from the barrier and buffer
interface depletes the inherent 2DEG (Two-Dimensional Electron Gas) channel and
makes the device in off-state. A considerable improvement in the breakdown
voltage (BV) and transconductance (gm) are reported in this paper. The transcon-
ductance shows a flat behavior over a certain range of gate bias and shows a
maximum of 158 mS/lm, which is the maximum, reported for a normally-off GaN
based HEMT devices along with high power performance. The T-gate field plate
effectively distributes the peak electric field at the drain end of the gate edge over
the field plate length (LFP). Consequently, the BV of the device above 2 lm LFP

shows a significant improvement. The higher transconductance and BV makes this
device a suitable candidate for applications in future high power, high frequency
applications.

45.1 Introduction

The GaN based High Electron mobility transistors (HEMT) are emerging as an
excellent device for high-speed, high power, and harsh environment applications
[1–4]. The device shows excellent stability and electrical performance, but the
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conventional HEMTs are of Normally-ON type (depletion mode) devices [5–7].
These devices are excellent for high frequency RF applications in RADAR, satellite
and space communications [8, 9]. A significant research has been made in the
progress of developing depletion mode devices. However, high frequency switch-
ing and digital application requires devices working in positive threshold voltage.
The development of E-mode HEMT is highly desirable for power circuit applica-
tions to get fail-safe operation and to eliminate the use of negative power supply.
There have been several research on the development of E-mode HEMTs [10–12].
Lanford W. B. et al., realized a recessed gate E-HEMT with a higher threshold
voltage of 0.47 V and a peak transconductance of 310 mS/mm. Yong Cai et al.,
demonstrated high-performance E-Mode HEMT using fluoride based plasma
treatment. Khan et al. used a thin AlGaN barrier layer to realize an E-HEMT with a
transconductance of 23 mS/mm. However, the power performance of E-mode
HEMT still needs to be improved substantially to find application in ultra-high
power applications.

In this paper, we demonstrate an enhancement mode GaN based HEMT with
filed plate engineering technique. The divergence in polarization charges from the
barrier and buffer interface leads to deplete the 2DEG density at the channel.
Therefore, at zero gate bias, the device will be in off mode and acts as an
Enhancement mode device. Moreover, to achieve an enhanced power capability a
metal field plate extension is given at the drain end of the gate edge, where the
maximum electric field is located. The use of field plate spread the electric field
along the channel and reduces the chances of early breakdown. However, the
additional capacitance due the incorporation of FP will lead to suppress the fre-
quency performance. Therefore, the thickness and relative permittivity of the pas-
sivation layer plays a very important role in the frequency characteristics of the
device. Similarly, the FP and drain separation must be large enough to avoid any
overlapping of drain filed with gate, as it leads to premature breakdown. The field
distribution by the FP reduces the high field trapping effect from the gate at high
injection current density and reduces the so called current collapse effect. Therefore,
in this paper an enhancement mode GaN based HEMT device with gate field plate
engineering technique is simulated using sentaurus TCAD software. The simulation
uses, poisson’s equation, carrier continuity equation and polarization physics
models to simulate the GaN based HEMT on SiC substrate.

45.1.1 Device Structure

The Cross-sectional view of GaN E-HEMT is shown in Fig. 45.1. The epitaxial
mesa structure is grown on SiC substrate. Sic substrate was employed for high
power application due to its better lattice matching, thermal conductivity and sta-
bility, instead of Si and Sapphire. The Source-Gate spacing and Gate length are 1
and 1.4 µm, respectively. Gate-Drain spacing is from 4 to 20 µm for breakdown
analysis. The channel has been blocked off at VGS = 0 V by p-type gate. In order to
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get normally off E-HEMT, P-type GaN layer is employed below gate terminal that
shift threshold voltage from negative side to positive side of VGS. The structure
consist of AlN nucleation layer followed with 2 lm thick Al0.05Ga0.95N buffer
layer, 10 nm thick GaN channel layer and a 15 nm thick Al0.23Ga0.77N Barrier
layer. AlGaN barrier layer have thickness of 15 nm to maintain less RF power
saturation and 23% of mole fraction at which both piezoelectric and spontaneous
polarizations are maximum. The donor doping concentration of AlGaN barrier,
GaN channel and AlGaN buffer are 1e18, 1e15, and 1e14 cm−3, respectively. The
p-Gate GaN has the doping concentration of 3e17 cm−3. In addition to that the
threshold voltage has some percentage of voltage shifts to positive side of VGS by
small value of mole fraction and thickness of AlGaN barrier [13]. Physical
parameters are given in Table 45.1 and the device physics is given Table 45.2 [14].

Fig. 45.1 The cross-sectional view of E-MODE GaN HEMT on SiC

Table 45.1 Physical
parameters used in sentaurus
TCAD

Layer Thickness

AlGaN barrier 15 nm

GaN channel 10 nm

SiNpasivation 0.5 µm

AlGaN buffer 2 µm

AlN nucleation 5 nm
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The AlN nucleation layer is placed between SiC substrate and AlGaN buffer
layers, which is important to keep a good quality of subsequent GaN layer. For
relaxing the strain between substrate and GaN layers, AlGaN is used as a buffer
[15]. The gate is 110 nm p type GaN layer, on top of the gate layer metal field plate
is deposited to distribute the gate electric field evenly throughout the channel layer
and increases the breakdown voltage of the device [16]. The T-shape structure of
gate reduces electric field peak at gate edge by not only distributing electric field on
drain side, but also on source side thereby further reduction on electric field peak
[16]. The top surface of the device is passivated with Si3N4 dielectric material to
avoid any surface effects disturbing the channel.

45.2 Results and Discussion

45.2.1 Current Analysis

The transfer I–V characteristics is shown in Fig. 45.2 for E-HEMT with T-Gate.
The simulated IDS–VGS characteristics E-HEMT with T-Gate is benchmarked with
E-HEMT in [17] for the calibration of TCAD simulation. It is observed that the
obtained threshold voltage (VTH) is 1.6 V, which is attributed to shifting of positive
polarization charges away from AlGaN/GaN interface by p-type GaN layer in the

Table 45.2 Device physics
used in simulation

SENTAURUS parameters AlGaN GaN

Permittivity 9.4 9.4

eg300 (eV) 3.9 3.4

nc300 (1018/cm3) 2.08 1.07

nv300 (1018/cm3) 1.18 1.18

vsat (107 cm/s) – 2

Fig. 45.2 Transfer DC
characteristics of normally off
GaN transistor
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device. The output IDS–VDS characteristics is shown in Fig. 45.3 for different VGS of
2, 3, 4 and 5 V. The maximum drain current of 375 mA is observed at VGS = 5 V.
Furthermore, a decrease is observed in drain current for VDS above 6 V due to
self-heating effect and mobility degradation.

45.2.2 Drain Leakage Current

The existence of minority carriers is the origin for both gate and drain leakage
current. In particular, the minority carriers on substrate have more effect on drain
leakage current which is one of the considering parameter in high power applica-
tion, because the leakage current is inverse to the breakdown voltage. The leakage
current can be suppressed across substrate and electron can be confined in the
channel by using different types of current blocking layers below the channel. The
typical layers for electron blocking barrier are SiO2 and p-GaN. Many researches
have created positive impact on drain leakage current by using blocking barrier
layer, but inserting many layers is not fine in transistor design.The structure used in
this paper impact the leakage current without any blocking barrier layers. In
addition, this paper use the E-MODE HEMT, where the leakage current of E-mode
HEMT is lesser than D-mode HEMT.

The leakage current is analyzed here because of its influence in power dissi-
pation. There are some applications (Launch vehicles, spacecraft, etc.), where zero
power dissipation is expected. As per the application perspective, power dissipation
must be minimal. Reduction in power dissipation can be obtained by decreasing the
leakage current. The drain leakage current is constant and it is below 0.02 mA/mm
for the drain voltage of 0–120 V as shown in Fig. 45.4. It was observed that there is
a positive exponential increase in leakage current due to the increase in electric field
for drain voltage beyond 120 V. However, the leakage current increase rate is low
for drain voltage above 500 V due to the distribution of electric field by field plate.

Fig. 45.3 Drain voltage
versus drain current
characteristics of AlGaN/GaN
HEMT
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This reduction in increasing rate of leakage current is a desired one for designing a
device with high breakdown voltage.

45.2.3 Sheet Carrier Density Profile

The cross sectional view of the device with electron density profile is shown in
Fig. 45.5. It was observed the 2-Dimestion Electron Gas (2DEG) concentration is
high in GaN channel, which is attributed to the polarization charges at AlGaN/GaN
interface. The corresponding sheet carrier density is shown in Fig. 45.6 and it is
observed that the peak concentration of 0.88 � 10e11 cm−2 in the channel.

45.2.4 Transconductance Analysis

The transconductance is a parameter derived from drain current and gate voltage,
and it helps design engineers in semiconductor industries to analyze parasitic
resistance, threshold voltage, leakage current, hole injection, and turn ON process

Fig. 45.4 Drain leakage
current with sweep of VDS 0–
1000 V

Fig. 45.5 2-D schematic of device with electron density profile
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in high power application. It is the gradient of drain current with respect to gate
voltage, hence it is controlled by VGS and gate length [11]. The maximum value of
gm can be related with leakage current that is discussed in the last section, because
gm and leakage current has a negative correlation. The decrease in leakage current is
the increase in gm. High power application demands low leakage current and high
gm and this demand exist in E—HEMT with T-Gate, where leakage current has a
decreased slope for VDS above 500 V and gm has a flat behavior with maximum
value.

Many features can be extracted from gm behavior that is useful to have better
understanding of the device. The peaks exist in gm plot is the unique feature which
indicates turn-On process of the transistor [16, 18, 19] and also the peaks occurs too
close to gate threshold voltage [16]. The beginning point in roll off of gm helps to
determine the limitation on gate voltage, where IDS has no reaction with VGS [11].
Holes are injected and light emissions occur, if a device exhibits gm peaks. Due to
the phenomena of hole injection, accumulated electron moves to drain side, and
then drain current starts to increases [16]. The trans-conductance of normally off
AlGaN/GaN HEMT gives 150 mS/mm at VGS = 2 V in the Fig. 45.7. There are
two peaks in gm graph, one at VGS = 2.1 V and another at VGS = 2.5 V. These
peaks indicate the Turn—ON process of the HEMT. The second peak in gm is the
indication of drain current increase by hole injection. The paper [17] obtained
143 mS/mm as a peak value with fast roll off in gm, where E-HEMT in this paper
has 150 mS/mm with slow roll off, which is important to model the parasitic
components of HEMT.

45.2.5 Breakdown Voltage

The breakdown between any two terminals is caused by high electric field.
Fig. 45.8 shows high electric field at gate edge of drain end that leads to the

Fig. 45.6 Sheet carrier density along the vertical axis
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occurrence of breakdown in the device. There are many methods in transistor to
improve breakdown voltage. Firstly, using different types of Passivation and
Substrate material to improve breakdown voltage. The breakdown voltage can be
measured against gate leakage current that is passing through passivation layer and
drain leakage currents that is passing through substrate. The materials used for
passivation are SiO2, Si3N4, etc., among them Si3N4 gives more breakdown voltage
and low leakage current. Karmalkar and Soudabi [16], demonstrated that dielectric
constant of passivation layer is also control the electric field and improve the
breakdown voltage. In addition to use of different types of passivation layer, the
thickness of layer is also plays a role on breakdown voltage increases with thickness
of the layer [12, 13, 15, 16]. Secondly, increasing gate to train distance (LGD) is a

Fig. 45.7 Trans-conductance characteristics

Fig. 45.8 Absolute electric field distribution in the GaN based HEMT device
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method to increase breakdown voltage. The drawback in increasing of LGD is an
increase of ON resistance (RON) with LGD [20]. The positive correlation between
breakdown voltage and RON demands optimization on breakdown voltage and RON

in high power application. Finally, breakdown voltage can be improved by
implementing field plate. This paper shows that the field plate increases breakdown
voltage and shows that LGD can be reduced from 20 to 16 µm, where both 16 and
20 µm of LGD obtain same breakdown voltage as shown in Fig. 45.9. The break-
down voltage is extended with increase of field plate length. Field plate length (LFP)
above 2 lm only impacts the breakdown voltage, but below 2 lm makes no dif-
ference in BV.

The field plate length (LFP) of 4 lm and gate to drain distance (LGD) of 20 lm
touched the BV of 950 V. The BV with LFP = 4 lm is more dynamic against the
variation of LGD than LFP = 2 lm. BV is not conditioned to change more by
increasing of gate to drain distance (LGD) from 4 to 8 lm, and also from 16 to
20 lm when field plate length is less than 4 lm. The 4 lm filed plate indicates that
increasing of LGD beyond 16 lm improve the breakdown voltage. LGD is main-
tained at minimal level and LPF is increased in order to get higher breakdown
voltage and lower RON. This structure has increased BV in the absence of increase
of barrier layer thickness and LGD. The E-MODE device showed the assistance of
field plate to increase the BV without increase in LGD beyond 4 lm.

45.3 Conclusion

The simulation of T-gate and p-GaN over Al 0.28GaN0.72/GaN in the structure,
shows the maximum gm of 150 ms/mm, a flat behavior on gm which reduces current
collapse, and leakage current has a decreased slope for VDS above 500 V. From the

Fig. 45.9 Breakdown
voltage enhancement in Field
Plate AlGaN/GaN HEMT
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gm flat behavior, it is found that the current collapse occurs at V GS = 3 V, instead
of at 1.5 V. Furthermore, the non-existence of sudden roll off on gm indicates that
the device have low source parasitic capacitance in ON state of the device. The
E-mode AlGaN/GaN HEMT was also analyzed in terms of field plate length to
improve breakdown voltage. It is observed that L FP above 2 lm only impacting
and enhancing the breakdown voltage. In this paper, the device with LFP = 4 lm
and LGD = 20 lm obtain the higher breakdown voltage of 950 V. The LFP with
4 lm indicates that LGD above 16 lm has no influence on breakdown voltage and
no need to increase LGD above 16 lm, result in minimum RON.
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Chapter 46
Oxygen Ion Implantation Induced
Effects in GaN Epilayer

Akhilesh Pandey, R. Raman, S. P. Chaudhaury, Davinder Kaur
and Ashok K. Kapoor

Abstract This paper presents the effect of oxygen implantation in GaN epitaxial
layer on sapphire substrate. Oxygen implantation was done at 80 keV in GaN
sample with 5 � 1014 cm−2 dose. To reduce the implantation damage annealing of
the sample was carried at 900 °C for 45 s. High Resolution X-Ray Diffraction
(HRXRD), Raman Scattering and cathodoluminescence (CL) study has been done
before and after annealing of implanted sample and compared with unimplanted
GaN. Tensile strain was observed in the implanted sample by HRXRD and UV
excited Raman scattering due to formation of vacancy clusters. After annealing
implantation induced damage was restored and yellow luminescence (point defects)
by CL were observed in the GaN sample.

46.1 Introduction

In recent years, gallium nitride (GaN) based semiconductors and alloys have been
extensively studied for development of light emitting diodes, UV-detectors and
high temperature, high frequency and high power electronic devices etc. [1].

Ion implantation is a versatile doping technique because of precise control in
dopants distributions. Post implantation annealing is necessary for activation of
dopants and reduction/recovery of implantation induced damages in the crystal [2,
3]. Implantation in GaN is an important technique for device isolation for planar
device fabrication technology [4]. However, Defects studies in GaN samples have
been studied earlier also [5]. But damages in the GaN crystal due to implantation
process has not been investigate much yet.
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In this report we are presenting the structural and optical study of oxygen
implanted GaN/sapphire sample with 80 keV energy and 5 � 1014/cm2 dose, using
HRXRD, Raman Spectroscopy and CL characterization techniques.

46.2 Experimental

GaN layer used in this study was grown on sapphire substrate in (0001) direction by
Metal Organic Chemical Vapor Deposition (MOCVD) technique. Oxygen
implantation was carried out on GaN sample. Peak of the doping profile (range) was
around 100 nm. The X-ray rocking curve measurements were carried out using
PANalytical X-Pert Pro MRD HRXRD system. Raman spectroscopic experiments
were done by Horiba JobinYuvan HR Evolution Confocal Micro-Raman spec-
trometer system using visible (532 nm) and UV (266 nm) excitation. CL
Spectroscopy was done on the Supra 55 Ziess FESEM system with CL attachment.

46.3 Results and Discussion

Figure 46.1 shows the X-Ray rocking curve of unimplanted, implanted and post
annealed samples using (20-24) plane in grazing incidence geometry. Implanted
samples show an intense peak and a kink in the lower angle side in addition to the
usual GaN related peak. Since X-Ray sampling region is 3.4 µm, which is much
larger than implanted range (*0.1 µm) therefore one can see the implantation
induced damage region and as well as good region (undamaged region). The kink in
the lower angle side may be due to implantation induced damaged region. The kink
in the lower angle side indicates that damage region is tensile strained as compared
to ‘good’ lattice. The tensile strain could result from the agglomeration of
implantation induced vacancy clusters in the substitutional sites and resulting an
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Fig. 46.1 X-Ray rocking
curve measurements of GaN
sample at different step
(unimplanted, implanted and
post annealed) for Grazing
Incidence (20-24) plane
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expansion of the lattice. In the post annealed sample the kink in the lower angle side
disappeared but asymmetry still exists.

Reciprocal Space Mapping (RSM) were carried out on unimplanted, implanted
and post annealed samples in the triple axis geometry. Figure 46.2 shows the
Reciprocal Space Maps of above mentioned samples using (20-24) asymmetric
plane. In Fig. 46.2a, the implanted GaN sample shows a large and small contour/
asymmetry in the Qz direction. In the figure large contour is due to GaN lattice and
small contour represents implanted region lattice. Due to ion implantation lattice
distortion is taking place up to the implanted region. Since smaller contour lies on
the low QZ side, the lattice is extending along a direction after implantation (tensile
strain). The small contour disappears but some asymmetry in the low Qz side is still
observed after annealing the sample at 900 °C for 45 s. It indicates that after
annealing full relaxation has not taken place. RSM of post annealed implanted
sample represent the confirmation that after annealing the atoms rearrange (incor-
porating the oxygen atoms) and relaxation is occurring in the implanted region.

The X-Ray Rocking curve and RSMs analysis results indicate the lattice is
tensile strained after the implantation.

Raman Scattering using the green (532 nm) excitation source have been done for
above mentioned GaN sample in the back scattering geometry. Figure 46.3a shows
the Raman scattering from unimplanted and implanted and post annealed GaN
samples. In the figure two Raman peaks at *568 and *735 cm−1 are observed.
These modes are E2 (H) and A1 (LO) Raman modes. The peak position of E2
(H) and A1 (LO) are not changing in the unimplanted, implanted and post annealed
GaN samples. Since the penetration of green light in GaN sample is*2 lm and the
implantation range is *100 nm, the overwhelming majority of Raman signal is
coming from the unimplanted region of the GaN sample. Therefore Raman peak
position is not showing any shift after implantation.

Raman Scattering studies using the UV excitation source (266 nm) were also
carried out and results are reported in this paper. Raman scattering signal comes
from a depth of *40 nm (since d * 1/2a and a at 266 nm is 12.5 µm−1), and
therefore gives the information on implantation induced damage. Figure 46.3b
shows the Raman scattering from unimplanted and implanted GaN sample. The

Fig. 46.2 Reciprocal space map using (20-24) plane. a Implanted GaN sample. b Implanted and
Annealed GaN layer
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figure shows a clear red shift in E2(High) and A1(LO) peaks indicating the presence
of tensile strain in the implanted region. After annealing Raman spectra follow the
unimplanted sample’s Raman spectra.

The cathodoluminiscence (CL) spectra for the unimplanted GaN and post
annealed implanted samples with 15 and 7 kV excitation energies are shown in
Fig. 46.4a, b respectively. The spectra are normalized with respect to GaN band
edge emission. It can be seen from Fig. 46.4b at 7 kV that the emission at 575 nm is
the well known yellow luminescence and has been reported due to transition from
shallow donors to deep acceptor states. Deep acceptors states have been identified
as due to defect clusters involving; vacancies. A sharp increase in the yellow
luminescence in the post annealed implanted sample indicates an increase in the
vacancies as a result of implantation. At 15 kV there is not any appreciable change
in yellow luminescence as shown in Fig. 46.4a after normalizing the GaN band
edge emission. Since at 15 kV, in CL emission signal is mainly coming from
undamaged region of implanted samples which is less defective while at 7 kV

Fig. 46.3 Raman Spectra of GaN sample. a Unimplanted, oxygen ion implanted GaN sample and
post annealed using Green (532 nm) excitation. b Unimplanted and oxygen ion implanted GaN
sample using UV (266 nm) excitation

Fig. 46.4 CL spectra of unimplanted and Post annealed after oxygen implantation. a At high
power (15 kV). b At low power (7 kV)
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emission signal is coming from the implanted region. Therefore sharp increase in
the yellow luminescence occurring at 7 kV excitation.

The three above cited results corroborates each other and towards the formation
of vacancy clusters as a result of implantation. It has been shown by the others [6]
that these vacancy clusters are acceptors in nature and compensate the donors,
resulting the insulating behavior. This may be the reason of increasing the resis-
tance of the implanted GaN sample. Therefore, it can be used as in-plane device
isolation.

46.4 Conclusion

Implantation induces vacancy cluster formation resulting in tensile strain in the
implanted region and it was confirmed by HRXRD and UV excited Raman spectra.
These vacancy clusters compensates the residual donors. Due to compensation of
donors resistance of the implanted GaN will be increased. This can be used as a
planner inter-device isolation in GaN based devices.
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Part III
Photovoltaics



Chapter 47
Mixed Solvent Engineering to Optimize
Morphology and Optical Properties
of Perovskite Thin Films for an Efficient
Solar Cell

Ranbir Singh, Sanjaykumar R. Suranagi, Manish Kumar
and Vivek Kumar Shukla

Abstract Morphology plays a major role in the performance of solar cells based on
solution-processed perovskite solid-state thin films. The growth of perovskite films
on substrates without defects and grain boundaries is equally important for attaining
high power conversion efficiencies (PCEs). Herein, we have adapted a mixed
solvent engineering to make high quality perovskite solid-state thin films for solar
cell applications. The spin coated perovskite films have been systematically char-
acterized via UV-visible absorption, field emission scanning electron microscopy
(FESEM) and one-dimensional (1-D) X-ray diffraction (XRD) tools. Current
density-voltage (J–V) measurement was carried out to characterize the fabricated
solar cell devices. The perovskite solar cell fabricated with optimized mixed solvent
engineering exhibited high photocurrent (22.4 mA/cm2) and PCE of 15.2%.

47.1 Introduction

The solar cells based on hybrid organic-inorganic metal halide perovskite (ABX3,
where A is organic cation, B is a metal cation, and X is halogen anion) have shown
great potential in recent years due to low-cost and easy solution processing of
materials and high power conversion efficiency (PCE) [1]. Particularly, methy-
lammonium lead iodide (MAPbI3) perovskite solid-state thin film prepared by
sequential two-step spin-coating method has shown promising light harvesting,
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high carrier mobilities and long-range exciton diffusion length [2]. Most commonly,
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), N-
cyclohexyl-2-pyrrolidone, c-butyrolactone, and N-methyl-2-pyrrolidone were used
as solvents in the preparation of initial PbI2 or MAPbI3 solutions to fabricate
perovskite layer via solution spin-coating process. The MAPbI3 films prepared with
single solvents have shown difficulty in forming a good coverage, smooth and
pinholes free film over a large area substrate.

In this work, we have utilized mixture of two different solvents as the processing
solvent system to improve the morphology MAPbI3 thin film. A defect-free and
dense photoactive perovskite film has been obtained from a mixed solvent system
of DMF and DMSO. The MAPbI3 films fabricated with single (DMF or DMSO)
and mixed (DMF:DMSO) solvents shows different absorption and morphological
properties, all of which lead to the variation of PCEs of perovskite solar cells.

47.2 Experimental Detail

Lead (II) iodide (PbI2), methylammonium iodide (MAI) and 2,2′,7,7′-tetrakis(N,N-
di-p-methoxyphenyl-amine) 9,9′-spirobifluorene (spiro-MeOTAD) were purchased
from Sigma-Aldrich. The perovskite solar cell devices were prepared with archi-
tecture glass/fluorine-doped tin oxide (FTO) (500 nm)/titanium dioxide (TiO2)
(40 nm)/MAPbI3 layer/spiro-MeOTAD (100 nm)/Au (80 nm). An electron trans-
port layer of TiO2 was spin coated and sintered at 500 °C for 30 min on FTO
coated glass substrates [3]. MAPbI3 film deposition was done using standard
two-step spin coating method [4] and followed by spiro-MeOTAD coating. Gold
(Au) was thermally evaporated in high vacuum (*10−6 mbar) for anode and
resulting a total device area of 5.55 mm2. The electrical properties of the solar cell
were measured with a Keithley 4200 unit under 1 sun condition. Field emission
scanning electron microscopy (FESEM) images were captured using Hitachi
S-4800 FESEM. 1D X-ray diffraction (1D-XRD) measurements were performed
using 1-D X-ray diffractometer (Rigaku D/MAX-2500/PC) with Cu-Ka X-rays.

47.3 Results and Discussion

Figure 47.1a shows UV-visible absorption spectra of the MAPbI3 films prepared
using mixed solvents, DMF and DMSO (v:v) and Fig. 47.1b presents the J–
V characteristics of the respective solar cell devices. All the deposited perovskite
films have shown absorption onset at 780 nm wavelength that is in agreement with
reported results [4, 5]. Further, the gradual addition of DMSO in DMF up to 6:4
ratio solvent system shows an increase of absorption in the wavelength region
(420–580 nm), whereas, upon further addition of DMSO decreases the absorption.
The effect of mixed solvent ratios has been observed in the J–V characteristics of
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fabricated solar cell devices. The photovoltaic characteristics of all perovskite solar
cells are shown in Table 47.1. The solar cell device fabricated with mixed solvent
ratio of 6:4 shows excellent results with a PCE = 14.94 ± 0.22%, a JSC = 22.40 ±

0.15 mAcm−2, a VOC = 0.980 ± 0.005, and a FF = 68.20 ± 0.83%.
Figure 47.2a shows the FESEM images of the spin coated MAPbI3 films

deposited using different DMF:DMSO mixed solvent ratios on the glass/FTO
substrate. The thin film spin coated using DMF alone shows cluster of grains with
different sizes in the range 0.13–0.74 lm. However, using mixed solvent, the
average grain size increases and the surface of the MAPbI3 films becomes uniform.
This might be due to the formation of lead iodide-methyl ammonium iodide-DMSO
intermediate phase that slows down the rapid reaction between MAI and PbI2 [6].
On the other hand, when single solvent (DMSO) was used, the average grain size
increases with some pinholes in the perovskite film. Further, the quality of the
MAPbI3 films has been investigated by the 1-D XRD measurements.

Figure 47.2b shows 1D-XRD plot for the TiO2, PbI2 and three selected MAPbI3
films (solvent ratio of 1:0, 6:4 and 0:1), where films were spin coated on glass/FTO
substrates. The TiO2 and PbI2 films show XRD peaks in agreement with the

Fig. 47.1 a Absorption (UV-Visible) spectra of the MAPbI3 films developed using different
mixed solvent ratios of DMF:DMSO, where all MAPbI3 films have been prepared on FTO/TiO2

substrates. b J–V characteristics of the solar cells fabricated with respective MAPbI3 films

Table 47.1 Photovoltaic properties of the solar cell fabricated using perovskite films prepared
using different mixed solvent (DMF:DMSO) ratio

Active
material

Mixed
solvent
ratio

VOC (V) JSC (mA/
cm2)

FF (%) PCE (%) PCEmax

(%)

MAPbI3 1:0 0.950 ± 0.003 20.46 ± 0.18 64.80 ± 1.12 12.55 ± 0.32 12.87

8:2 0.970 ± 0.006 21.53 ± 0.21 66.70 ± 0.73 13.94 ± 0.27 14.21

6:4 0.980 ± 0.005 22.40 ± 0.15 68.20 ± 0.83 14.94 ± 0.22 15.16

4:6 0.980 ± 0.003 22.11 ± 0.18 68.10 ± 1.12 14.68 ± 0.18 14.86

2:8 0.980 ± 0.004 21.64 ± 0.16 67.40 ± 1.03 14.26 ± 0.37 14.06

0:1 0.980 ± 0.002 20.92 ± 0.15 65.10 ± 0.51 13.31 ± 0.19 13.50
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literature [7]. The peak (110) at 14.2° observed in all the samples represents
preferential tetragonal MAPbI3 perovskite structure. Also, the PbI2 peak at 12.6°
diminishes for all the perovskite films, indicating a complete conversion of the PbI2
to MAPbI3 following reaction: MAI + PbI2 = MAPbI3. The characteristic peaks
with significant intensities at (112), (211), (202), (220), (310) and (312) also appear
at their respective positions as reported earlier [5, 7]. The higher intensity of the
(110) peak for 6:4 ratio MAPbI3 film speculates better order of crystallinity as
compared to the 1:0 ratio MAPbI3 and 0:1 ratio MAPbI3 [8], as shown in inset of
Fig. 47.2b.

47.4 Conclusion

In this work, uniform and dense perovskite films have been deposited. At 6:4 ratio
of mixed solvent (DMF:DMSO), an increase in average grain size and crystallinity
were found in the fabricated perovskite films. The best solar cell device yielded
PCE of 15.2% under 1 sun condition. The improved JSC, VOC, and PCE in solar cell
device are attributed to the advantageous properties obtained for the mixed solvent
processed perovskite photoactive film with improved film coverage, morphology,
and enhanced photocurrent generation.
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Chapter 48
A New Additive-free Industrial
Chemical Texturing Process
for Diamond Wire Sawn mc-Si Wafers

K. P. Sreejith, Sandeep Kumbhar, Ashok K. Sharma,
Anil Kottantharayil and Prabir K. Basu

Abstract A novel low cost process for texturing the diamond wire sawn
(DWS) multi-crystalline silicon (mc-Si) wafers is demonstrated. The proposed
scheme does not use any additives or metals and can be integrated into any standard
industrial acid texturing tool. This process can be carried out at temperature ranges
from 13–17 °C, which is normally higher than the temperature used for the con-
ventional acid texturization process and thus making the process energy efficient. In
this work, authors use HF rich acid solution for the generation of the porous silicon
(Por-Si) layer, it is then followed by Por-Si dilution in an alkali solution. Process
generates less porous, inverted rounded structures on the mc-Si wafer surfaces with
excellent light trapping properties. Textured surfaces yield weighted average
reflectance of 22.5% combined with a minority carrier lifetime up to 60 ls.

48.1 Introduction

Diamond wire sawing (DWS) technique gained attention over slurry based
multi-wire slurry sawing (MWSS) for crystalline silicon wafer production due to its
high throughput, low environmental contamination and low kerf-losses [1, 2].
Specially, for multicrystalline Si (mc-Si) wafers, which dominates the present
industrial scenario, the DWS wafers can easily cut down the cost per peak watt.
However, there is an existing wet texturing problem for the DWS mc-Si wafers.

In the acid based texturization process (conventional texturing process for
mc-Si), the surface defect or damage introduced during the MWSS sawing process,
initiates the nucleation of rounded structures on the wafer surface which enhances
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light absorption. However, DWS sawing process results in highly polished wafer
surface with very fewer defects and hence standard acid texturization process does
not adequately texture these surfaces [3]. Hence, several other alternatives are tried
[4]. Among them are chemical processes using additives in the acid texturing
solutions [5], use of metal assisted etching [6], etc. Alternate routes for texturing
employ mechanical processes involving sandblasting, tungsten carbide tip scribing,
etc.

In this work, authors demonstrate a simple additive-free and energy efficient
texturing process which can easily be integrated with any standard industrial acid
texturing tool. This process consists of three steps [2]. Firstly, porous-Si (Por-Si)
generation using the novel additive-free acid-texturing process, secondly, Por-Si
dissolution in a diluted alkali solution, and, finally, acid-based neutralization-cum-
native oxide removal step in standard RCA II solution.

48.2 Experimental

48.2.1 Novel Texturing Process for DWS Mc-Si Wafers

Full square 6 in. mc-Si wafers with a resistivity of 2X-cm from GCL Poly is chosen
as the base substrate for demonstrating the process. For the novel texture process,
nitric (HNO3) and hydrofluoric acid (HF) are used and their ratio by volume is
varied based on the volume of deionized (DI) water in the acid texturing solution.
The texturing process is performed for two to three minutes depending up on the
process parameters such as process temperature (between 13 and 17 °C), effect of
incident light, nature of chemicals used etc. Post to acid treatment, the wafers are
dipped in very dilute KOH solution for few seconds to thaw the porosity present on
the wafer surface at room temperature. After texturing, residual metal neutralization
is fulfilled using hydrochloric acid (HCl) solution, mixed with hydrogen peroxide
(H2O2) at 70 °C. The SEM images of the wafers are examined by Zeiss/Ultra 55
field emission scanning electron microscopy (FE-SEM). The light trapping property
of the surface texture is analyzed by calculating the weighted average reflectance
(WAR) from the reflectance spectra over the range 300–1000 nm, using an inte-
grating sphere UV-Vis-NIR spectrophotometer PerkinElmer Lambda 950.

48.2.2 Fabrication of Symmetric Lifetime Structures

The lifetime of the wafers after texturing is studied with the help of symmetrical
lifetime test structures. These structures are fabricated following the process flow
shown in Fig. 48.1. Standard phosphorus oxychloride (POCl3) based diffusion is
realized in a tube diffusion furnace (Protemp USA, Sirius PRO 200) for p-n junction
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formation. Phosphosilicate glass (PSG) is etched out by soaking the wafers in 2%HF
solution for 5 min. Thin layer of oxide is grown at lower temperature (LTO, 1 h
@600 °C) on these diffused wafers. Amorphous silicon nitride (SiNx) is deposited by
plasma enhanced chemical vapour deposition (PECVD) on both the sides to have
symmetric passivation on the surface, using Oxford Instruments (Plasmalab System
100) at 380 °C, followed by firing in a rapid thermal processing (RTP) tool (Allwin21
Corp., AW 610). The SiNx passivation layer was 95 nm thick with a refractive index
of 2.0 at 633 nm when deposited on polished single crystalline Si wafer.

48.3 Results and Discussions

48.3.1 Process Optimization and Surface Morphology
Analysis

Conventional acid based process for texturing mc-silicon wafers uses uniform
surface defects introduced during the MWSS process. In comparison, DWS wafers
have lesser surface damages with jerky hard pits and are generally non-uniform
with 10–20 nm a-Si layer over the surface. This makes the surface more polished,
smoother and reflective [3]. The top-down SEM images of MWSS and DWS mc-Si
wafer surfaces are shown in Fig. 48.2. It is clearly visible that micro-cracks and
broken crystal pieces are present in MWSS wafers are uniform all over the wafer
surface which can be etched easily in HNO3 rich acidic solution whereas crystal
defects and pits are only seen along the parallel saw marks/grooves for DWS wafers
which makes the etching uneven and fruitless. Introducing defects at the surface
using low cost approach is appraised to be the key for designing the industrial
texturing process for mc-Si wafers.

In the proposed texturing strategy, wafers are initially treated with HF rich acidic
solution to make fine porous structures. Some of the keen remarks after the process
optimizations are, (i) as the DI water concentration is increased in the acidic

Fig. 48.1 Flow charts of
fabrication processes used for
making lifetime test structures
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solution, etch rate curtails and porosity/defects are found to be more at the surface.
This may be because of the fact that the acidic solution is not able to etch out many
of the surface saw damages even after two minutes of processing. (ii) Addition of
HNO3 to the acidic solution increases the etch rate, more rounded structures are
observed at the wafer surface. Proper optimization of chemical composition is
found to be the key in designing the process. A short KOH dip is adopted to
dissolve the surface porosity and rounded inverted pits are formed at the wafer
surface similar to that of standard acid textured MWSS mc-Si wafers. The top down
and angular SEM images of the wafer surface after the novel texturing scheme is
shown in Fig. 48.3.

48.3.2 Reflectance Spectra Analysis

Different groups of textured wafers are characterized by calculating WAR with and
without SiNx layer, along with quasi-steady state photo-conductance (QSSPC)
lifetime measurements. The average WAR and lifetime values are plotted against

Fig. 48.2 SEM images of a bare MWSS as-cut mc-Si wafer (top view, magnification: 10,000�)
and b bare DWS as-cut mc-Si wafer (top view, magnification: 10,000�)

Fig. 48.3 SEM images of a final textured wafer (top view, magnification: 20,000�) and b final
textured wafer (angular view 45°, magnification: 30,000�)

318 K. P. Sreejith et al.



[HNO3] to [HNO3 + HF + DI water] ratio as shown in Fig. 48.4a. It is clearly
visible from group C that, the best results are obtained when the ratio between
[HNO3] and [HNO3 + HF + DI water] is maintained at 7–8%. Both group C and D
wafers shown promising results with group D wafers having better lifetime and
higher WAR values than group C wafers. Individual reflectance spectra of different
set of textured wafers are measured against the standard acid textured MWSS
wafers at multiple points. An impressive WAR of 22.5% is obtained against 25% of
the standard acid-textured MWSS mc-Si reference wafer without any anti-reflective
coating. Wafers textured using the chemical composition ratio (ratio between
[HNO3] and [HNO3 + HF + DI water]) > 10% is observed to exhibit higher
reflection losses (WAR value greater than 30%) on all wafers. After ARC depo-
sition *1% improvement in WAR is observed for DWS novel textured samples
(group C) over the reference samples.

48.3.3 Lifetime Study

The large area uniformity and surface passivation quality of the textured wafer are
studied using Photoluminescence (PL) imaging technique. PL images were con-
verted to carrier lifetime using calibration of PL pixel intensity with measured
average minority carrier lifetime of *65 ls. Figure 48.5 shows the carrier lifetime
map on 6″ � 6″ textured wafer of group D, with the pixel count—lifetime his-
togram. The lower pixel count at the wafer edges are due to the limitation of manual
texturing process. PL image majorly covering brighter region confirms that our
optimized baseline passivation scheme with thermal oxide and PECVD SiNx is able
to passivate the textured grain boundaries.

Fig. 48.4 a Average variation in WAR and lifetime with chemical composition and b variation of
WAR of DWS novel textured sample with that of standard MWSS acid textured sample with and
without ARC
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48.4 Conclusion

An additive free, non-metallic and energy efficient process is demonstrated, which
can texture both MWSS and DWS mc-silicon wafers irrespective of their surface
morphologies. The texture surface morphologies were similar to that of standard
acid textured MWSS samples. An excellent WAR of 22.5% is obtained against
25% of the standard acid-textured MWSS mc-Si reference wafer without any
standard anti-reflective coatings. Since the process uses only PV grade chemicals
(does not use any commercial additives), it can be readily integrated with any
industrial texturing tool.
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Chapter 49
Studies on Alternate Counter Electrode
Materials for Pt—Free Dye Sensitized
Solar Cells

Himanshi Jauhari, Rakhi Grover, D. S. Mehta and Kanchan Saxena

Abstract Counter electrode selection has been a major challenge that directly
affects the performance of dye sensitized solar cells. Platinum being a non-reactive
metal is the most accepted material as counter-electrode, however, it has limitations
due to its high cost and scarcity. In the present work, we have studied cost effective
carbon based materials as alternate electrodes in dye sensitized solar cells.

49.1 Introduction

Dye sensitized solar cells (DSSCs) have proven to be a low cost energy generation
alternative to the conventional silicon solar cells. DSSCs show many unique
advantages like ability to work in low light intensities and wide incident angles.
These cells consist of a dye coated semiconductor oxide, redox electrolyte and a
counter electrode (CE) [1, 2]. The working of DSSC is based on the photo exci-
tation of the sensitizer (dye) which relaxes itself by transferring an electron to
semiconductor oxide. The oxidized dye in this process gets regenerated by the
redox electrolyte, usually an iodine-triiodide redox couple. At the counter elec-
trode–electrolyte interface, electron is transferred from CE to electrolyte (liquid/
solid/quasi solid). A thin layer of generally used platinum as a CE is responsible for
catalyzing this electron transfer and is governed by the following reaction (1):

I�3 þ 2e� ! 3I� ð49Þ
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In this way, CE plays a significant role in regeneration of dye molecules by
catalyzing the reduction process in electrolytic medium [3]. This reaction (49.1) has
to be very fast as compared to recombination reaction at TiO2/electrolyte interface.
Therefore, a counter electrode material should have high electrical conductivity as
well as electrocatalytic activity. Figure 49.1 shows the desirable properties of a
material to be used as an efficient CE.

Platinum (Pt) has generally been preferred as it possesses most of these qualities
and functions well in DSSC. Nevertheless, its low electrochemical stability and
high cost have been the main factor affecting efficiency and the device cost. Further,
in practice, it has been quite challenging to replace expensive platinum based CE.
A number of materials from carbon family [4] e.g. carbon nanotubes, graphite,
carbon black, graphene, conductive polymers etc. have been investigated to func-
tion as CE in DSSCs. Specific carbon based materials provide almost all of the
desirable properties to replace platinum. Particle aggregation, size, dispersion and
solubility along with substrate adhesion are the key properties to be optimized for
carbonaceous materials to be used as CE in DSSCs. Therefore, the selection of
carbon based CE is made by taking into account the intrinsic properties of these
carbonaceous materials.

49.2 Aim of Study

The present study is intended to study alternative counter electrode materials
other than platinum for DSSCs. For the counter electrodes, carbon compounds
such as poly (3, 4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS),
polyaniline (PANi), reduced Graphene Oxide (GO) and graphite paper were used.
DSSCs have been fabricated with standard device structure using gel electrolyte
medium and different counter electrode materials.

Fig. 49.1 Desirable
properties of counter
electrode in DSSCs
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49.3 Methods

For the fabrication of devices, we used the previously reported methods [5].
Different counter electrode materials were deposited by spin coating and drop
casting technique. The photovoltaic performance of the cells was measured using
Keithley (model 2400) digital source meter at different light intensities. For the
counter electrodes, carbon compounds such as poly (3, 4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT: PSS), polyaniline (PANi), reduced graphene oxide
(rGO) and graphite paper were used. Platinum counter electrode was also used as a
reference.

49.4 Results

Figure 49.2 shows the current density-voltage characteristics of the DSSCs fabri-
cated. The performance of PEDOT: PSS film as CE was found to better than rGO
and PANi films. It can be seen from the graph that the device with graphite paper as
a counter electrode exhibited open circuit voltage of 0.6 V and short circuit current
density of 2.32 mA/cm2 comparable to that of platinum with lower fill factor.

Figure 49.3 shows the SEM image of the graphite paper depicting layered
morphology with irregular grains forming a compact structure. Such layered and
rough surface might be responsible for better electrolyte-CE interface and increased
electrocatalytic activity of CE.

Fig. 49.2 Current Density-Voltage characteristics of the DSSC fabricated using different
materials as counter electrode
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The lower fill factor for the devices based on graphite paper as CE can be
improved by optimizing the device structure for compatibility of carbon based CE
with the other components of the cell.

49.5 Conclusion

Platinum being a scarce and costly material is a major concern for cost effective dye
sensitized solar cells. Carbon based materials are abundant and achieve nearly all
properties needed to effectively function as a counter electrode in DSSC. Graphite
paper has been used as counter electrode in the present studies; open circuit voltage
and short circuit current are nearly the same as obtained using platinum as refer-
ence; however, the fill factor is comparatively low which may be improved by
modifications in the device structure. Further, new carbon composites can be
explored for a competent alternative to already known platinum as a counter
electrode.
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Fig. 49.3 Scanning electron micrograph of the graphite paper
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Chapter 50
MoO3 as Hole-Selective Contact
for Diffusion-Free Solar Cells

Swasti Bhatia, Irfan M. Khorakiwala, Kurias K. Markose,
Pradeep R. Nair and Aldrin Antony

Abstract Studies on MoO3 are reported to analyze its feasibility as a hole-selective
front contact in diffusion free solar cells. The deposited layers passivate the silicon
surface reasonably well, since surface recombination velocity of less than 20 cm/s
was observed. The lifetime decreased after deposition of transparent conducting
oxide and was regained by annealing at low temperature. The transmittance after
TCO deposition is more than 80% in the visible region. The final solar cells
fabricated using electron selective titanium dioxide film as the rear contact were
7.10% efficient.

50.1 Introduction

Diffusion free solar cells with electron and hole selective layers on either side of
silicon are an extremely attractive alternative to standard p-n junction solar cells. In
such cells the extraction of the photo-generated charge carriers is achieved by
asymmetric band offsets rather than asymmetry in conductivity as in the case of
diffused junction solar cells. Due to the elimination of doping step, the entire solar
cell can be fabricated at temperature less than 200 °C. Since no high temperature
process is involved in the fabrication of these cells, their cost is expected to be
much lower than the diffused crystalline silicon solar cells.

Theoretically, MoO3 is expected to act as a hole-selective material when deposited
over silicon. This is due to the unique band alignment ofMoO3with silicon that bends
the bands so as to block the electrons and let the holes tunnel through to the contact.
The hole-selective behavior has been confirmed experimentally by several reports in
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the literature [1, 2]. This behavior has also been verified by our experiments. The
possibility of using MoO3 as a hole-selective layer on the front side of crystalline
silicon solar cell is explored in this study. In order to function as a hole-selective layer,
MoO3 needs to block electrons as well passivate the silicon surface. In addition to it,
the lifetime degradation after transparent conducting oxide (TCO) deposition as well
transmittance is also a concern if the film has to be used at the front of the solar cell.
Therefore in this work we briefly discuss the passivation quality of MoO3, its
degradation after TCO (Indium tin oxide) deposition and how it is enhanced again.
This optimization is followed by fabrication of completely diffusion free, carrier
selective crystalline solar cell using MoO3 as the hole-selective layer and TiO2 as the
electron selective layer. Also, diode behavior of MoO3/Si heterojunction is discussed
briefly as an experimental proof of MoO3’s carrier selectivity. The above mentioned
studies, together with the transmittance results suggest that MoO3 can serve as a
hole-selective front contact in diffusion free solar cells. Finally, complete solar cells
devices are fabricated and initial results are introduced.

50.2 Aims of the Study

The aims of this report are, to check for selectivity of MoO3 for positive charge
carriers, to study the passivation quality and its evolution after TCO deposition, to
observe its transmittance in the visible region. The above studies would allow us to
conclude whether the material in question is suitable as selective front contact or not.

50.3 Experimental Details

50.3.1 MoO3 Film Characterization

Silicon/MoO3 heterojunction was fabricated by evaporating 6 nm films of MoO3.
This was followed by metal deposition on silicon and MoO3 for contacts. The
fabricated diode (Fig. 50.1), structure ‘A’ was subjected to electrical characteriza-
tion. In order to study the passivation of silicon achieved by MoO3 films, 5-7 nm
films were deposited on both sides of the silicon wafer by thermal evaporation. This
is referred to as structure B(i). Another structure B(ii) was fabricated, that had
MoO3 on both sides of the silicon wafer and on one side 70 nm indium doped tin
oxide (ITO) was sputtered at 50 W from a 2 in. target. Lifetime measurement was
done on B(i) and B(ii) to study the MoO3 passivation and its degradation due to
sputter damage due to ITO deposition. B(ii) was annealed at 160 °C in nitrogen
ambient and lifetime measurement was repeated on the same structure. Another
sample ‘C’ was prepared by depositing 5–7 nm MoO3 on cleaned corning glass to
measure the transmittance of MoO3.

330 S. Bhatia et al.



50.3.2 Solar Cell Fabrication

Solar cells of 1 cm2 area were fabricated. TiO2 film of 8 nm was deposited via
atomic layer deposition (ALD) on RCA cleaned n-type silicon wafers. This fol-
lowed by 6 nm MoO3 film deposition on the other side of the film by thermal
evaporation at room temperature. Further an ITO layer of 70 nm was deposited over
MoO3. Finally silver was deposited on ITO using a mask to form the top contact
grid. Back contact was made by depositing 500 nm aluminum film over TiO2.

50.4 Results and Discussions

The current-voltage characteristics shown in Fig. 50.2a, obtained from structure ‘A’
show a diode behavior with the reverse saturation current of 52.6 nA/cm2 with an
ideality factor of 1.51. This clearly indicates that the MoO3 film enables preferential
transport of holes through it.

In order to be used as the front layer, the transmission of MoO3 must be high
such that losses due to absorption can be avoided. Figure 50.2b shows the trans-
mittance spectrum in the wavelength range of interest for a crystalline silicon based
solar cell. It is clear that the transmittance of the film is sufficiently high (>90%) for
the wavelength range to be absorbed in the active layer.

The effectiveness with which generated carriers can be collected is influenced
significantly by their lifetime in the silicon and recombination velocity at the
interface. A high surface recombination velocity would lead to annihilation of a
significant number of carriers at the interface and hence adversely affect their
collection. Hence, in the absence of another passivating interlayer between the
silicon and the MoO3 film, the function of silicon surface passivation must be
performed effectively by MoO3 film itself. The surface passivation results as
summarized in Table 50.1 indicate that though the as deposited film gives excellent
surface passivation, the same degrades after sputtering of ITO. Such behavior has
also been observed in heterojunction with intrinsic thin layer (HIT) solar cells [3].
However the damage caused due to annealing can be partially recovered by

Fig. 50.1 Structure A, structure B(i) and structure B(ii) respectively
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annealing at 160 °C in Nitrogen ambient for 45 min. Therefore, the final MoO3

layer along with sputtered ITO over it passivates the silicon surface reasonably
well, even though the initial excellence passivation quality cannot be fully regained
(Table 50.2).

The final test of application of MoO3 as front selective layer was done by
making a complete solar cell. The metal contacts to TiO2 and ITO were not opti-
mized; hence the final cells were limited by series and shunt resistance. Also, the
shading losses due to metal grid have not been accounted. Even in the presence of
the above mentioned limitations, the cells were 7.10% efficient with an open circuit
voltage of 530 mV and short circuit current of 31.4 mA/cm2. While, the MoO3

oxide layer offers reasonable passivation, the Si/TiO2 junction could still be prone
to considerable recombination which is one of the factors contributing towards low
open circuit voltage.

Fig. 50.2 a Current voltage characteristics of structure ‘A’ (shown in inset). The voltage sweep
was applied to the silicon substrate, b transmittance of 7 nm MoO3 film deposited on corning glass
substrate in the visible region of the spectrum

Table 50.1 Evolution of surface passivation quality in terms of surface recombination velocity

Structure MoO3 (as
deposited) B(i)

MoO3

+ ITO B(ii)
MoO3

(ITO + anneal)

Surface recombination velocity
(SRV) (cm/s)

<15 >110 <65

Table 50.2 Summary of the
solar cell results

Parameter Jsc (mA/cm2) Voc (mV) FF (%) η (%)

Value 31.4 530 42.7 7.10
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50.5 Conclusions and Future Work

We conclude that MoO3 is an excellent candidate for hole-selective passivating
front contact for diffusion free, junction-less solar cells. We have achieved high Jsc
of 31.4 mA/cm2 and efficiency of 7.1% from a completely carrier selective solar
cell fabricated at room temperature. Also, our structure is fundamentally different
from other high efficiency solar cells reported in literature [4, 5] as there is no
intrinsic amorphous silicon layer between the selective film and silicon surface.
Further optimization of Si/TiO2 interface, contact resistance and fill factor
improvement, highly efficient solar cells can be achieved within a thermal budget of
200 °C.
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Chapter 51
Investigation of Active Layer Thickness
Variation on the Performance of Bulk
Heterojunction Organic Solar Cells

Sakshi Koul and Najeeb-ud-Din Hakim

Abstract The active layer thickness dependence of bulk heterojunction organic
solar cells with two different donor and acceptor material combination is studied.
For one organic solar cell, poly(3-hexylthiophene): P3HT is taken as the electron
donor with phenyl-C61-butyric acid methyl ester: PCBM as the electron acceptor.
Another active layer blend has poly(9,9-dioctylindenofluorene-co-benzothiadia-
zole): PIF8BT and N′-bis(1-ethylpropyl)-3,4,9,10-perylene tetracarboxy diimide:
PDI as the donor-acceptor material. We simulate the cells with the two different
active layer combinations and investigate the organic solar cell parameters with
respect to the active layer thickness variation.

51.1 Introduction

Organic solar cells have a multilayered structure. The performance of organic solar
cells is dependent upon different physical cell parameters [1–3]. The efficiency of
the cell can be increased if the light absorption increases [4]. This can be achieved
by optimizing the thickness of the active layer [5, 6]. Hence the key parameters that
affect the performance of a bulk heterojunction (BHJ) organic solar cell are the
morphological structure and the thickness of the active layer blend [7].

The active layer of an organic solar cell constitutes the donor and acceptor type
material. The excitons are created in the active layer. Depending upon the donor
and acceptor material organization, the active layer is arranged in either in a bi-layer
structure or a bulk heterojunction structure [8]. In the bi-layer structure, donor
material layer is placed with an acceptor material layer. Generally, the donor is
placed close to high work function electrode and the acceptor is closer to a low
work function electrode. Most of the generated charge carriers recombine at the
donor-acceptor interface [9]. In the bulk heterojunction cell structure, the active
layer is basically a bi-continuous blend of an electron donor and an electron
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acceptor material [10]. Such an arrangement minimizes the distance that an exciton
has to travel before it reaches the donor-acceptor interface. Generated charge car-
riers can easily jump from donor to nearby acceptor. This allows fast and easy
separation and further transport of the charges.

Two main geometries are followed in the construction of organic solar cells,
namely; normal and inverted as shown in Fig. 51.1. In the Inverted geometry
structure, the positions for HTL and ETL are switched. The inverted device
structure offers many advantages like better performance and simplicity of usage.

51.2 Simulation Structure

For the simulation, we have considered an inverted organic solar cell. The
BHJ solar cells have a layered structure as Indium Tin oxide (ITO)/poly
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/P3HT:PCBM/
Aluminium (Al) and ITO/PEDOT:PSS/PIF8BT:PDI/Al. The thickness of the ITO,
PEDOT:PSS and Al considered are 100, 50 and 100 nm respectively. The active
layer thickness is varied from 40 to 260 nm and the cell parameters are plotted
against the active layer thickness. The cell structures are shown in Fig. 51.2.

51.3 Results and Discussions

When the active layer thickness is changed, it affects the performance of the solar
cell [11]. We can obtain the organic solar cell parameters like short circuit current
density (Jsc), fill factor (FF), open circuit voltage (Voc) and power conversion
efficiency (PCE) as a function of the active layer thickness.

Cathode

ETL

Active Layer

HTL

Anode

Substrate

Anode

HTL

Active Layer

ETL

Cathode

Substrate

(b)(a)

Fig. 51.1 Normal and inverted geometry of organic solar cell
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It is evident from the simulation results that the fill factor decreases almost
linearly with the increasing active layer thickness for both the P3HT:PCBM and
PIF8BT:PDI cell. Whereas the Open circuit voltage (Voc) remains almost constant
for all the values of the active layer thickness as shown in Fig. 51.3.

The short circuit current density versus active layer thickness curve shows two
peaks for both of the cells as depicted in Fig. 51.4. Similar behavior is seen in the
graph for power conversion efficiency variation. Overall comparison of the two
active layer blend combinations show that the overall performance for the P3HT:
PCBM cell is better as compared to the other.

Fig. 51.2 Organic solar cell structure with P3HT:PCBM and PIF8BT:PDI active layer blend

Fig. 51.3 Fill factor and open circuit voltage for different active layer thickness
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51.4 Conclusion

A brief account of the parameters of an organic solar cell is given in this paper. Also
we have discussed the typical cell structure. Based on our simulation results, we
conclude that with variation of the active layer thickness, it is possible to optimize
the efficiency of organic solar cells. The optimum active layer thickness for both the
P3HT:PCBM and the PIF8BT:PDI cell is in between 80 and 100 nm.
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Chapter 52
A Comparative Study of SiO2:TiO2
Composite and SiO2 Film by Sol-Gel
Method for Solar Cell Application

Kausturi Chatterjee, Soma Ray, Baishakhi Pal, Kalyan Adhikary,
Utpal Gangopadhyay and Ratan Mandal

Abstract Thin films of SiO2 and SiO2–TiO2 composite sol were spin coated on
textured monocrystalline silicon wafer and clean glass using Tetraethyl orthosilicate
(TEOS) and Titanium tetraisopropoxide (TTIP) as main precursors. For further
improvement of the films quality, DMF (dimethylformamide) was added into the
solutions to reduce the cracks of the film. The average reflectance of the composite
and oxide films was 8.8 and 6.81%, whereas textured monocrystalline silicon
(without any coating) wafer having a reflectance of 13.20%. Both the films were
annealed at different temperatures ranging from 400 to 900 °C with an interval of
100 °C. After annealing minority carrier lifetime significantly changes from 3.26 to
40.5 µs at 800 °C for oxide film and for composite it was 3.51–45.29 µs at 800 °C.
These results show that both the films can be used as an ARC (anti-reflection
coating) as well as a passivation layer for solar cell application.

52.1 Introduction

Antireflection coatings (ARCs) are widely used in various applications such as
display panels, optical lenses and solar cells [1– 3]. Antireflection coatings (ARCs)
have become one of the key issues for achieving high efficiency crystalline Si-solar
cell. Apart from light trapping, passivation also plays a significant role in solar cell
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application. Anti-reflection coating is necessary to reduce the reflection to gain the
high conversion efficiency. The reduction in reflection is based on destructive
interference. In order to obtain the condition of destructive interference, thickness
and refractive index of the ARC (anti reflection coating) should be properly chosen.
To achieve minimum reflection of a normal incident wave of a single wavelength,
the anti reflection coating may consist of a single layer, which must possess (a) a
refractive index equal to the square root of the refractive indices of the materials
bounding the coating and (b) a thickness equal to one-quarter of the wavelength (i.e.;
the wavelength within the material of which the coating consists). Generally, silicon
nitride (SiNX) is used as AR coating and passivation layer in crystalline silicon solar
cell. But the problem of silicon nitride is that it can only be deposited by PECVD
system using silane (SiH4) and ammonia (NH3) gases as precursors. PECVD system
is very costly and the precursor gases are very toxic and hazardous, whereas Sol-Gel
process is more easier and cost-effective method for depositing ARC and passivation
layer. The sol-gel technique offers a simple and low cost process to prepare the high
quality thin films [4, 5]. Sol-gel spin coating method is also suitable for large area
solar cell processing. Here, the Sol-Gel SiO2–TiO2 composite and SiO2 film both are
having an excellent optical property as well as passivation property. This composite
film can also be used as self-cleaning and coating [6].

52.1.1 Aim of the Study

High efficiency crystalline solar cells require three basic elements:

1. The silicon substrate must be high quality with a long carrier lifetime.
2. The cell should have a low surface reflection with an excellent light trapping

capability.
3. Emitter design should be able to collects all light generated carriers and good

metal contacts for low series resistance.

Another key factor for the solar world is “COST”. The main challenge is to
design a high efficiency crystalline silicon solar cell within a low budget. In this
work we proposed a cost effective method for designing an ARC (Anti Reflective
Coating) as well as passivation layer. Our aim is to develop an ARC and passi-
vation layer by a cost effective method using non-toxic and non-hazardous material
having reflectance less than 10%.

52.2 Experimental Details

SiO2–TiO2 composite and SiO2 oxide sol were prepared by Sol-Gel method and
deposited on mono-crystalline textured silicon wafer and clean glass individually.
SiO2 and TiO2 sol were prepared separately. TEOS (TertraEthyl OrthoSilicate) and
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TTIP (TitaniumTetra IsoPropoxide) were used as main precursors. To prepare the
SiO2 sol TEOS first mixed with absolute ethanol with a molar ratio 1:4 [7]. Then
the mixture was hydrolyzed by adding 0.1N HCL to maintain the water to alkoxy
ratio 1:4 and stirred with a magnetic stirrer for 2 h at room temperature. For TiO2

sol, TTIP was hydrolyzed in absolute ethanol by adding few drops of HNO3. Then
the mixture was stirred for 30 min at room temperature. SiO2 and TiO2 sol were
mixed in 80:20 ratio and stirred for 1 h at room temperature with a magnetic stirrer
to prepare the composite sol. The mixed solution was aged for 2 days. Composite
SiO2–TiO2 and SiO2 sol both are spin coated on glass and textured monocrystalline
wafer. After spin coating, the films (both composite and oxide) were baked at 80 °C
[8]. Finally, the films were annealed at different temperatures (400–900 °C) with an
interval of 100 °C. After spin coating and annealing process optical properties were
studied using UV-VIS-NIR Spectrophotometer (Perkin Elmer) and minority carrier
lifetime of the samples (composite and oxide both) were measured by SemiLab
WT1200 minority carrier lifetime measurement unit. The surface morphologies of
the films were studied using FESEM(QUANTA FEG 25) and chemical bonding
were studied by FTIR Spectroscopy.

52.3 Results and Discussions

For designing an ARC reflectance should be minimum. When light fall on the solar
cell, many lights get reflected from the upper surface of the cell. Any loss of
radiation will result n less generation of electron-hole pair which will result in the
reduction in IL. To minimize the amount of reflection generally ARC is used and
texturization is done. Reflectance of ARC depends on (A) thickness of ARC
(B) Refractive index of ARC (C) matching of refractive indices for bilayer and
multi-layer ARCs.

Figure 52.1 shows the comparison of reflectance of the composite film on tex-
tured Si-wafer (mono crystalline), oxide film on textured Si-wafer (mono crys-
talline) and textured Si-wafer (mono crystalline) in the wave length range 300–
1050 nm. Among them oxide film gives the minimum reflection. The average
reflectance of the composite, oxide and textured (without any coating) films in the
wavelength range 300–1050 nm are 8.8, 6.81 and 13.20% respectively. Whereas,
the reflectance of bare silicon is near about 33%. After texturization pyramids were
formed in the front surface of the wafer, because of this shape reflection from the
upper surface was reduced as compared to bare silicon. This signifies that without
ARC around 23% of the incident solar radiation will be reflected from the surface of
the solar cell.

The transmission spectra (in Fig. 52.2) show both the composite and oxide films
have transmission more than 90% in the wavelength range 300–1050 nm. The
average transmittance calculated for composite film is 91.92%, that means the
absorption of the film in the wavelength range 300–1050 nm is negligible. A good
quality ARC film should reflect minimum amount of light and transmit maximum
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amount of light so that most of the incident light get absorbed within the material.
Average transmittance of oxide film is 93.19%. Transparency of oxide film is better
than composite film.

FTIR spectra (in Fig. 52.3) show that in textured Si wafer no oxide is present but
in SiO2 film the peaks correspond to wave number at 1450 and 950 cm−1 assure the
presence of SiO2. The peak corresponding to the wave number 1450 cm−1 is called
the Si–O stretching and peak corresponds to 950 cm−1 is called the Si–O bending.
The peak at wave number 820 cm−1 corresponds to Ti–O–Ti bond and the peak at
1286 cm−1 corresponds to Ti–O–Si bond of composite film.

FESEM image reveals that a layer is present above the pyramid (textured) of the
wafer surface. Some cracks have been observed on the top surface in Fig. 52.4a,

Fig. 52.1 Reflection spectra
of composite, oxide and
textured wafer

Fig. 52.2 Transmission
spectra of composite, oxide
film
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this is may be due to the annealing of the sample at 800 °C. Back side of the sample
in Fig. 52.4b shows that coating is absent and the pyramids are clearly visible on
the sample surface where coating was not present.

In Fig. 52.5a it is observed that SiO2 coating is also present on the front side of
the film; pyramids are blurred due to the presence of oxide layer. But on the back
side of the film pyramids are clearly visible as seen from Fig. 52.5b.

Minority carrier lifetime was measured using SemiLab WT1200 minority carrier
lifetime measurement unit. Minority carrier lifetime also plays a significant role in
solar cell fabrication. Minority carrier lifetime is defined as the average time which

Fig. 52.3 FTIR spectra of composite and oxide film

Fig. 52.4 a FESEM image of composite film (front side), b FESEM image of composite film
(back side)
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a carrier can spend in an excited state after electron-hole pair generation before it
recombines. In crystalline Si material surface represents sudden discontinuities of
the crystal arrangement which gives rise to dangling or unfinished bonds. These
bonds act as good recombination centre. The passivation layer mainly satisfies the
unsaturated bonds and reduces the probability of recombination. To get maximum
efficiency; recombination of the carriers should be minimized. The most common
techniques for reducing recombination are (i) addition of a passivating layer
(ii) introducing a BSF (Back surface field) layer. In this work, lifetimes of the films
were increased after spin coating by composite and oxide sol. After annealing
lifetime of the films were further increased. Figure 52.6 shows the variation of
minority carrier lifetime with annealing temperature.

Fig. 52.5 a FESEM image of SiO2 film (front side), b FESEM image of SiO2 film (back side)

Fig. 52.6 Variation of
minority carrier lifetime with
annealing temperature of
composite and oxide films

346 K. Chatterjee et al.



52.4 Conclusion

In this paper, we present a comparative study of the properties of SiO2–TiO2

composite and SiO2 oxide film deposited by Sol-Gel method. The properties of
SiO2–TiO2 composite the film can be varied by changing the SiO2–TiO2 mixing
ratio. That means, refractive index of the film is tuneable. Both the films are having
an excellent optical property. But there is a trade off between optical property and
minority carrier lifetime. In terms of transmittance and reflectance, oxide film shows
better result than composite film. Whereas, minority carrier lifetime of the oxide
film is lesser than composite film. Optical properties of the composite film can be
further improved by varying the mixing ratio and controlling the spin rate.
Moreover the films were deposited by a very cost effective method “Sol-Gel”
method without using any hazardous gas.
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Chapter 53
Structural and Optical Characterization
of InGaN/GaN Based Quantum Well
Structures Grown by MOCVD

Kandasamy Prabakaran, Subburaj Surender, Siddham Pradeep,
Sankaranarayanan Sanjay, Madhaiyan Jayasakthi, Raju Ramesh,
Eric Faulques, Manavaimaran Balaji, Shubra Singh
and Krishnan Baskar

Abstract The InGaN/GaN based Quantum Well structures were grown on c-plane
sapphire substrate using metal-organic chemical vapor deposition. Crystalline
quality has been investigated using High-resolution X-ray diffraction (HRXRD)
analysis and total dislocation densities of screw and edge types in the GaN epilayer
have been calculated. The thickness and indium composition of the InGaN was
determined by HRXRD. From simulation fit, the composition of indium was found
to be 12 and 15% and InGaN thickness was 5 nm. The pseudomorphic growth is
observed for InGaN layers as confirmed by X-ray reciprocal space mapping.
Room-temperature time-resolved photoluminescence, photoluminescence mea-
surements have been performed on InGaN/GaN based Quantum Well Structures.
The photoluminescence intensity and wavelength was found to get enhanced.
Time-resolved photoluminescence measurement revealed interesting observation of
longer (392 ps) decay time for the InGaN (5 nm)/GaN QW structures.
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53.1 Introduction

Recent years, InGaN Based blue light emitting diodes and laser diodes have been
commercially used in high brightness color display. However, green-red LEDs are
very challenging to fabricate. InGaN Based semiconducting materials covers a wide
range of the solar spectrum from the infrared (InN-0.7 eV) to ultraviolet
(GaN-3.4 eV). InGaN epilayers have a direct band gap structure with high radiation
hardness and good absorption coefficient [1]. In order to understand the solar cell
applications, the growth of low-defect crystalline epilayers are required. The dif-
ficulty in achieving a homogeneous Indium (In) composition throughout the
material should also be taken care [2]. To avoid the decomposition of the InGaN
active layer, the GaN/InGaN based quantum well (QW) structures such as barrier
and well was grown at the same temperature (ST). In this work, we have presented
structural and optical properties of InGaN/GaN QW structures grown by metal
organic vapour deposition (MOCVD).

53.2 Experimental Details

InxGa1−xN/GaN based QW structures were grown on c-plane sapphire substrate by
MOCVD [3]. Prior to material growth, the sapphire substrate was thermally cleaned
in hydrogen ambient at 1050 °C for 10 min to remove the native oxide on the
surface of the substrate. For all samples thickness of 30 nm, GaN nucleation layer
(NL) was deposited at low temperature of 500 °C. GaN epilayers was grown at
1020 °C on the NL, followed by a 30 s InxGa1−xN layer grown at 720 °C. This was
named as sample (a). The other parameters such as NH3 flow, TMGa flow and
pressure were kept constant. Further ST GaN capping layer was grown for 10 min.
This was named as sample (b). The crystalline qualities of grown samples have
been characterized by High Resolution X-ray Diffractometer (HRXRD). The x/2h
HRXRD analysis directly expressed the Indium composition obtained from the
symmetrical (0 0 0 2) plane. The PIXCel detector has been used to analyze the
Reciprocal Space Mapping (RSM) for asymmetrical (1 0 −1 5) planes for analyzing
the strain between InGaN/GaN heterostructures. The thickness and composition of
InGaN layers were determined by epitaxy smooth fit software. The luminescence
emission of InGaN layers was analyzed using Photoluminescence (PL), time
resolved photoluminescence (TRPL) measurements.

53.3 Results and Discussions

HRXRD x/2h (Fig. 53.1) scan was carried out to verify the composition and
thickness. The samples (a) correspond to the In0.12Ga0.88N/GaN structure and (b) is
GaN caplayer/In0.15Ga0.85N/GaN structures. The experimental data were fitted

350 K. Prabakaran et al.



using epitaxy smooth fit software. In this study, the InGaN layer was grown suf-
ficiently thin in sample a due to the lower diffraction intensity. The InGaN thickness
and In compositions were found to be around 5 nm and *12% respectively. For
sample (b), In composition was found to be *15% [3]. The full width at half
maximum (FWHM) of (0 0 0 2) plane rocking curve of sample (a), it is about 367,
356 arc-sec whereas for (1 0 −1 5) plane of sample (b), it is 284, 265 arc-sec
respectively.

The asymmetric Reciprocal Space Mapping (RSM) of (1 0 −1 5) plane is shown
in Fig. 53.2 for sample a. The Diffraction corresponding to the InGaN layer can be
observed below the stronger GaN peak, due to its higher intensity. It must be noted
that the diffracted intensity at (1 0 −1 5) plane of InGaN layer was less intense, and
hence recording the RSM was not easy for thin InGaN layer shown in sample a. In
sample b, the presence of GaN cap layer enhances the redistribution of In in the
underlying InGaN layer. Further, using the epitaxy smooth fit software, the InGaN
and GaN layer contour shapes in the RSM are found to be fully strained as con-
firmed in the (1 0 −1 5) plane.

RT-PL spectra of the grown samples are presented in Fig. 53.3. The band edge
transition of GaN epilayer was observed at 362 nm for all samples. The emission
from InGaN layer is located at 470 nm for sample a, whereas the emission is
located at 478 nm for sample b. The PL peaks at around 570 nm can be ascribed to
lattice defect emission shown in Fig. 53.3. PL intensity and luminescence
enhancement due to the GaN caplayer in sample b can be attributed to the In
distribution which is more homogeneous in sample b as compared to sample a. The
redshift is initiated by the redistribution of excitions over deep localized states [4].

Fig. 53.1 HRXRD representing (0 0 0 2) profile of InGaN/GaN heterostructures (blueline) along
with its simulation (red line) using smooth fit software
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Fig. 53.2 Reciprocal space mapping of (1 0 −1 5) diffraction (sample a)

Fig. 53.3 PL Spectra of the sample (a) InGaN/GaN and (b) GaN cap layer/InGaN/GaN structures
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Figure 53.4a, b displays the TRPL to examine the grown samples. The TRPL
decay time was measured using the biexponential function [4]

IðtÞ ¼ A1 exp � t
sr

� �
þA2 exp � t

snr

� �
ð53:1Þ

where I(t) is the PL intensity, A1 and A2 are the decay parameters and sr, snr are the
decay times for a radiative and nonradiative recombination. The decay time of each
sample was found to be 316, 392 ps for sample a, b respectively. Sample b rep-
resents the localization energy with increased high In content compared with
sample a, because of an increase in degree of carrier localization. The shorter decay
time leads to carrier recombination in the higher energy states before reaching the
lower energy states. This means that, longer the decay time (sample b) higher the
number of carriers [5]. The temporal evolution of the PL spectrum for InGaN/GaN
QWs is shown in Fig. 53.4 (inset view). PL spectrum features visible emission in
grown samples and are observed on “T” shape position as streak images in PL
Spectrum.

53.4 Conclusion

Pseudomorphic InGaN/GaN based Quantum well Structures have been grown by
MOCVD on sapphire substrates. The thickness and composition of InGaN layers
have been estimated using HRXRD. The photoluminescence study shows that
increase in the InGaN/GaN QW intensity and wavelength has enhanced. In our
observation, longer TRPL decay time can be the best candidate for application in
solar cells. The InGaN/GaN based QW structure profound discussions will be
helpful for the fabrication of solar cells.

Fig. 53.4 Time resolved photoluminescence spectra of the sample (a), (b)
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Chapter 54
Photoluminescence Imaging of Silicon
Wafers and Solar Cells for Process,
Device Development and Diagnostics

Ashok K. Sharma, Manoj K. Ramanathi, Binny Nair,
Tarun S. Yadav, Prabir K. Basu, Anil Kottantharayil,
K. L. Narasimhan and B. M. Arora

Abstract Photoluminescence (PL) imaging has emerged as an important tool for
obtaining the spatial variation of the electronic and electrical parameters of Si wafer
and solar cells. Since this is a contactless measurement, spatial lifetime maps can be
obtained at different stages of processing. This paper consists of two parts. In the
first part we describe a low cost PL imaging tool developed at NCPRE.
Improvements in image quality using both hardware and software approaches will
be presented. In the second part, we present various case studies of how processing
affects minority carrier lifetime and series resistance.

54.1 Introduction

Luminescence imaging technique has emerged as a powerful tool to characterize the
Si bricks, wafers, solar cells and even modules. Photoluminescence (PL) [1] and
electroluminescence (EL) [2] are two different approaches to generate luminescence
images where former requires a light source and the latter is based on an electrical
bias. PL has its own advantages as applicable to all stages of the cell fabrication. In
semiconductors, photo-generated carriers recombine through either radiative or
non-radiative route based on the presence of defect density. Radiative recombina-
tion give rise to luminescence and its efficiency η can be written as η = Pr/
(Pr + Pnr), where Pr and Pnr represent the probability of radiative and non-radiative
recombination, respectively. Also, 1/Pr and 1/Pnr are proportional to radiative and

A. K. Sharma (&) � P. K. Basu
National Centre for Photovoltaic Research & Education (NCPRE),
Indian Institute of Technology Bombay, Mumbai 400076, India
e-mail: anamics.ak@gmail.com

M. K. Ramanathi � B. Nair � T. S. Yadav � A. Kottantharayil
K. L. Narasimhan � B. M. Arora
Department of Electrical Engineering (EE), Indian Institute
of Technology Bombay, Mumbai 400076, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_54

355

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_54&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_54&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_54&amp;domain=pdf


non-radiative carrier lifetimes, respectively. The variation in luminescence intensity
(or efficiency) from a substrate represent the local recombination phenomenon, and
can be visualized as local variation in carrier lifetime. Further, application of
external bias during PL imaging generates modified PL maps, which can be used to
create resistance map of solar cell.

In the present work we discuss the improvisation in PL image quality acquired
with a customized tool developed at NCPRE. Analysis of PL images taken at
different stages of cell fabrication to realize the influence of processing on important
material and cell parameters e.g. carrier lifetime, series resistance etc. will be
presented.

54.2 Results and Discussion

54.2.1 Filtration of PL Signal

Our customized tool consists a bank of RED LEDs (k * 630 nm) for excitation of
the PL signal and an 8.3 MP cooled Si CCD camera for PL signal imaging. Apart
from the 630 nm emission, the LED source has a weak long wavelength emission
from 830 to 1100 nm (Fig. 54.1a). The silicon emission (950–1150 nm) is weak
and overlaps the weak long wavelength emission of the source. In addition the QE
of the CCD sensor falls off rapidly in this wavelength range and is *2–4%. All
these factors contribute to a reduced signal to noise ratio (SNR). To improve the
SNR, a short pass filter (Fig. 54.1b) was used in tandem with the source to reduce
the intensity of the long wavelength components. In addition an 850 nm long pass
filter with a silicon filter in tandem was used in front of the detector. Figure 54.1c
shows improvement in the quality of PL image with applied filtering mechanism,
confirmed from intensity reduction on metal busbars and fingers in PL images.

54.2.2 Correction in PL Image for Inhomogeneous
Illumination

The spatial variation of the PL intensity is given by IPL = AGs where A is a constant
which includes geometric effects. Inhomogeneity in the generation rate will be
reflected in inhomogeneity in the PL image intensity. A possible way to correct for
the inhomogeneity is to measure the distribution of the incident intensity using a
lambertian surface and normalizing the measured PL intensity using the expression

Inor x; yð Þ ¼ IPL x; yð Þ
IT x; yð Þ=maxIT
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where Inor(x, y) and IPL(x, y) is the intensity count on normalized PL image and
actual PL image of Si wafer and IT(x, y) and maxIT is referred to the source intensity
count at (x, y) and maximum value, respectively. Figure 54.2d shows normalized
PL image modified from Fig. 54.2c, mimic carrier lifetime homogeneity, measured
on different regions of wafer.

While Fig. 54.2d shows a validation of the above procedure, it is important to
understand that this procedure has its limitations in application to cells with top
contacts due to internal current flow which is dictated by the variation in the gen-
eration rate across the sample and the distribution of series resistance across the cell.

54.2.3 Process Improvement for Homogeneous Carrier
Lifetime

Sharma et al. [3] investigated the spatial variation in carrier lifetime during Si solar
cell fabrication and observed inhomogeneity over wafer area, responsible for low
efficiencies. In continuation of the work, surface passivation was reviewed and
thermal oxidation step prior to PECVD SiNx step was introduced. Figure 54.3a, b
shows the carrier lifetime map of non-oxidized and oxidized Si wafers, respectively.

Fig. 54.1 a Long wavelength tail of the source (circle) and (plus) shows the spectrum when
passed through a Si filter; b transmission spectra of short pass glass filter; and c PL images of a
solar cell captured with combination of filters
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Inclusion of thermal oxidation step improved the homogeneity of lifetime consid-
erably and resulted in advances in solar cell performance shown in Fig. 54.3c.

54.2.4 Emitter Sheet Resistance Impact on Series Resistance

To investigate the role of diffused emitter in series resistance, two cells of inho-
mogeneous and homogeneous POCl3 diffused emitter were studied. PL imaging
was done under different bias conditions followed by Trupke et al. [4] for series
resistance mapping. Figure 54.4a, b shows difference in global values of series
resistance in investigated Si solar cells is majorly due to the non-uniform thermal
diffusion of emitter responsible for poor metal (Ag) front grid contact with diffused
emitter.

54.3 Conclusion

In conclusion, we have described an imaging tool for PL imaging of silicon solar
cells. Using PL images, we have demonstrated optimization of processes for effi-
cient solar cells. Using PL imaging, we have made series resistance maps to identify
problems with contact firing. PL imaging can play an important role in solar cell
processing.

Fig. 54.2 Illumination intensity pattern a original and b after normalization and resulted PL maps
(c) and (d), respectively, of a Si wafer having homogeneous carrier lifetime values
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Chapter 55
Application of N-doped ZnO Nanorods
in Heterojunction Si Solar Cells

Jayasree Roy Sharma, Debolina Saha, Arijit Bardhan Roy,
Gourab Das, Snehanshu Patra, A K Barua
and Sumita Mukhopadhyay

Abstract In last few decades the study of zinc oxide (ZnO) nanoparticles estab-
lished the fact that, they have wide range of high technology applications. Among
all the nanoparticles ZnO nanorods have been widely used due to their ease of
formation and applications. Here, nitrogen doped (N-doped) ZnO nanorods have
been developed by hydrothermal method. The layer of N-doped ZnO nanorods
along with crystalline silicon (c-Si) wafer forms a heterojunction Si solar cell. It has
minimum reflectance and good light trapping effect. Hence, no need to use another
layer for ARC. The use of this layer provides an efficiency enhancement.

Keywords ZnO � Seed � Nanorods � Heterojunction

55.1 Introduction

Researchers took great interest in the study of ZnO nanoparticles in the last few
decades. With the decrease in the particle size, wide variations in the properties
(electronic, opto-electronic) of the materials can be done. ZnO has been found to be a
significant technological material. It is an inexpensive semiconductor of high carrier
mobility. ZnO is also a wide bandgap semiconductor (3.37 eV), due to which it finds
wide application in short wavelength opto-electronics. It also possesses high excitonic
binding energy (60 meV) which allows efficient excitonic emission at room tempera-
ture. Its conducting properties can also be increased by means of doping.

ZnO nanomaterials have wide range of high technology applications. Different
structures of ZnO nanomaterials which have been used include nanotubes, nano-
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wires, nanorods, nanowhiskers etc. ZnO nanorods are widely in use due to their
ease of formation and application.

Various synthesis methods like sol-gel [1], hydrothermal method [2],
vapour-liquid-solid growth method [3], spray pyrolysis [4] etc. have been used for
the development of nanorods. Among all these methods, hydrothermal method has
grown immensely popular for the growth of ZnO nanorods because of low tem-
perature requirement and absence of complex vacuum environment. It is also
substrate independent and growth of ZnO nanorods can be controlled by slight
change in the experimental conditions.

ZnO is a conducting oxide, but more conductivity can be achieved by doping
withgroup III or group IV elements. Several researches have been found working
on N-dopingof ZnO nanorods [5, 6].

In this paper, we have used hydrothermal method for the growth of N-doped
ZnO nanorods over c-Si wafer for use in heterojunction Si solar cells.

The reasons for using ZnO nanorods as n-layer are: (i) nitrogen doping can easily be
done only by adding a chemical to the growth solution, (ii) ZnO nanorods act as
antireflection coating (ARC), so no need to add another layer as ARC, (iii) better light
trapping can be achieved as optical path length has been increased by using these
nanorods.

55.2 Experimental Description

Zinc acetate dihydrate (Zn (CH3COO)2�2H2O), zinc nitrate hexahydrate (Zn
(NO3)2�6H2O), hexamine or hexamethylenetetramine or methenamine (C6H12N4),
guanidine nitrate (CH6N4O3) and ethanol purchased from Merck Millipore
Company, were analytical grade reagents, and used as received. All the aqueous

Fig. 55.1 Flowchart of development process of N-doped ZnO nanorods
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solutions were prepared using de-ionized (DI) water. Textured wafer was used as
substrate. Texturization has been done using conventional alkaline isotropic
chemical etching method (Fig. 55.1).

ZnO nanorods have been developed using hydrothermal method. It is a two step
process: (i) Seed layer development and hydrothermal growth. The process has
been shown in the flowchart below.

The average diameter and length of the ZnO nanorods were measured by using the
Field Emission Scanning Electron Microscope or FESEM (Carl Zeiss Microscopy Ltd,
Sigma 02-87). Photoluminescense spectra of the nanorods have been measured by
Photoluminescense Spectroscope (Horiva Canada PTI QM- 400).

55.3 Results and Discussions

Figure 55.2 shows the light scattering technique through the nanorod. It has been
cleared from the figure that the path length of light is enhanced when it transmit
through a nanorod.

From Fig. 55.3, it has been found that the aligned nanorods (height 350 nm and
width 50 nm approx.) are well distributed over the substrate. Due to the 3D

Fig. 55.2 Light scattering through a 3D nanorod structure, b planer structure

Fig. 55.3 FESEM images of N-doped ZnO nanorods at different magnification
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structure of nanorods, the light that passes through the nanorods, scatters from one
wall to another wall of the nanorods thereby increasing the optical path length.
Hence, a better light trapping can be achieved.

Figure 55.4 shows EDS analysis of N-doped ZnO nanorods. In the graph, the
presence of N2 molecules with Zn and O2 (present in ZnO molecules) molecules
has been observed. In the table (Fig. 55.4b), it also have been found that about 5%
of N2 atoms are there in the sample. Hence, from this figure it has been proved that,
the ZnO nanorods are doped with N2 molecules and the ZnO nanorods have found
to be more conductive.

Figure 55.5a shows a typical Pl spectrum analysis of the nanorods measured at
10 K. The sharp peak in the vicinity of band edges were observed at 382 nm
wavelength attributed to the exciton transitions. The sharp excitonic emission
indicates that the ZnO nanorods are of high optical quality.

Figure 55.5b shows the reflectance spectra of the grown nanorods, which has been
compared with commercially available silicon nitride (SiNx) for ARC. It has been
found that, the calculated integrated reflectance for grown nanorods is 2.28 whereas for
SiNx, it is 3.2. Hence, nanorods can be a good replacement of SiNx as ARC.

Fig. 55.4 EDS analysis of N-doped ZnO nanorods a graphical analysis, b tabular form
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55.4 Conclusion

In this paper, we have developed N-doped ZnO nanorods incorporating N2 molecules
in ZnO molecules. Hydrothermal method has been used for the development of
nanorods. The developed nanorods have very low reflectance which proves that, they
can be applied as ARC. Better light trapping can be achieved due to the enhanced path
length through 3D nanorods. So we can conclude that, if the layer of nitrogen doped
ZnO nanorods is used over c-Si wafer, it will act as heterojunction Si solar cell. Not
only that, it will work as ARC as well as increase better light trapping. Hence, an
efficiency enhancement will be achieved through this innovative solar cell structure.
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Chapter 56
Role of Carbon Dots in Polymer Based
Bulk Heterojunction Solar Cells
to Achieve High Open Circuit Voltage

Rajni Sharma, Firoz Alam, Ashok K. Sharma, V. Dutta
and S. K. Dhawan

Abstract Carbon quantum dots (C-dots) as replacement for conventional fullere-
nes has been studied and applied to achieve cost-effective (photovoltaic) PV
technology. Synthesis of hydrophobic C-dots was done via carbonization of car-
bohydrates, in the presence of amine. Hydrophobic C-dots along with polymer form
homogeneous and clear dispersion in chloroform. It results in the casting of
undisrupted film to work as perfect active layer in polymer based bulk hetero-
junction (BHJ) solar cells. Photoluminescence quenching was done to study photo
induced charge transfer in between polymer (as donor) and C-dots (as acceptor).
UV-Vis absorbance depicted better utilization of solar spectrum on adding C-dots
into polymer. Contact angle of 110° on ITO, evidenced the hydrophobic nature of
synthesized C-dots. Fabrication of BHJ solar cells (in direct configuration) using
PFO-DBT as donor and C-dots as acceptor, along with optimization gives signif-
icant solar cell J-V characteristics. The power conversion efficiency of nearly 3%
with noticeable VOC of 0.85 V has been obtained. Replacement of fullerene with
more economic C-dots lead to improvement in cost to performance ratio of polymer
solar cells. Additionally, the stability measurement exhibits that the highly stable
C-dots maintain high VOC in the device for quite longer duration.
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56.1 Introduction

The OSCs possess numerous attractive features in comparison to silicon technology
like portable, flexible, easily processable, large area fabrication, cost-effective,
eco-friendly [1]. But ease in device degradation and low power conversion effi-
ciency (PCE) are the major issues with OSCs. Recently, Carbon has gained lot of
attention from energy application perspective via maximizing the device perfor-
mance due to its high surface area. Due to electron accepting and transporting
property, fullerenes have been utilized as conventional acceptor in OSCs. However,
not so significant efficiency and cost of materials (Polymers and fullerenes) in OSCs
resulted in low cost-to-performance ratio. C-dots belong to new class of carbona-
ceous nano-materials with size below 10 nm [2]. C-dots can be synthesized easily
in comparison to graphene, possess compatible surface chemistry, good solubility
in polar solvents and broad optical absorption make them promising in photovoltaic
applications. The sp2 hybridized carbon atoms in C-dots resulted in highly delo-
calized electronic structure which makes C-dots high mobility electronic material
[3]. Successful fabrication of C-dots based PV devices have already reported by
Chandra et al. [4], having PCE of 0.73%, Mirtchev et al. [5] with PCE of 0.13% and
Yan et al. [6] with maximum PCE of 1.28%. In this work, we investigate the role of
C-dots as acceptor in polymer based BHJ solar cells fabricated with PFO-DBT as
donor.

56.2 Experimental Section

56.2.1 Synthesis of C-Dots and Hydrophobicity
Measurement

The chemicals used to synthesize and purify carbon quantum dots (C-dots) are D-
glucose, Octadecylamine (ODA), chloroform, methanol and dichloromethane; all
purchased from Merck and Sigma-Aldrich.

80 mg of D-glucose and 0.1 gm of Octadecylamine (ODA) was weighed and
transferred into small round bottom flask followed by continuous stirring. The
round bottom flask was heated at 100 °C, using an oil bath to uniformly heat the
powdered material. The powdered mixture turned into transparent liquid after
heating for few minutes. Further heating results in the color change from trans-
parent to pale yellow and finally to brown as shown in Fig. 56.1a. The brown
colored liquid solidifies at room temperature. The C-dots were extracted from the
solid using 10–15 ml of chloroform leaving ODA as residue. C-dots were further
purified via column chromatography using silica as stationary phase and methanol
and dichloromethane as mobile phase. The dispersion of C-dots in chloroform
exhibits bright bluish-greenish luminescence under UV light confirming the
successful synthesis of C-dots. The above mentioned method gives a facile
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synthesis of hydrophobic C-dots by carbonization of carbohydrates in a short time
spam. The purpose of adding long chain amine (ODA) was to make C-dots
hydrophobic in nature (as shown by Fig. 56.1b; via contact angle measurement).

56.2.2 Structural and Morphological Investigation

X-ray diffraction has been performed to evaluate phase, crystal structure, crystallite
size, degree of crystallization and quality of synthesized C-dots. The graph shown
in Fig. 56.2d, displays sharp and intense peak at 2h = 24.8° which typically indi-
cates graphitic character [7]. It is well established that graphitic peak usually occurs
at 2h = 26.5° but in our case the peak shows downshifting at 2h = 24.8°. This
downshifting in peak signifies the increase in sp2, C=C layer spacing while intensity
of peak point out the degree of graphitization. Moreover, the d-spacing value of
0.36 nm (distance between adjacent planes), calculated from Fig. 56.2(d), corre-
sponds to (002) graphitic planes [8]. Additionally, by using Scherrer’s equation, the
crystallite size evaluated from the width of peak comes out to be approximately
10 nm. Thus diffraction pattern obtained due to interaction of X-rays with syn-
thesized C-dots reveals the graphitic nature of C-dots along with the crystallite size
of nearly 10 nm. The inset in Fig. 56.2d represents the structural schematic of as
synthesized C-dots.

Transmission electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) has been proved as one of the most dominant tool to
monitor the size, morphology and other crystalline attributes of the samples
specifically lying in nano-range. The TEM and HRTEM images of the sample along
with particle size distribution are shown in Fig. 56.2a–c. The image shows the
uniform distribution of particles in narrow particle size range of 1–4 nm. Moreover,
the histogram shown in Fig. 56.2c, confirmed that most of the particles lies in the

Fig. 56.1 a Synthesis process flow of Carbon quantum dots (c-dots); b contact angle
measurement for hydrophobicity evaluation (h > 90°, hydrophobic in nature)
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range of 2–3 nm, with very few particles having size above 3 nm or below 2 nm.
The average particle size evaluated from histogram comes out to be 2.75 nm. To a
step ahead, TEM image also clarify the synthesis of aggregation free C-dots. The
lattice fringes represented in Fig. 56.2b gives the interplanar spacing of 3.4 Å
which corresponds to the (002) diffraction plane of sp2 graphitic carbon [9].

56.2.3 Optical and Chemical Investigation

Optical measurements have been done for further insight of the synthesized C-dots,
like band gap, exciton recombination etc. UV-Vis absorption spectrum gives

Fig. 56.2 a HRTEM image of synthesized hydrophobic C-dots; b highly resolved image of
C-dots representing lattice fringes; c histogram representing average size as 2.75 nm of C-dots;
d XRD plot of C-dots representing the phase and crystallinity of C-dots synthesized via
carbonization of carbohydrates; along with structural schematic of C-dots (in inset)
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information regarding prominent absorbance region of C-dots in whole solar
spectrum. The powdered hydrophobic C-dots were dispersed in chloroform to
obtain a dilute brownish-yellow solution {inset of Fig. 56.3a} and the obtained
absorption spectrum is represented in Fig. 56.3a. The spectrum shows broad
absorption from visible to UV region with absorption onset lying in visible region
(in between 500 and 550 nm). Figure 56.3a shows strong absorbance via C-dots in
UV region at wavelength of 286 nm, signaturing the typical feature of aromatic p
system [10]. The photoluminescence (PL) spectrum of pure C-dots in chloroform,
performed at excitation wavelength of 330 nm is also represented in Fig. 56.3a.

The FTIR of the synthesized C-dots has been shown in Fig. 56.3b. The most
significant IR peak corresponding to stretching of C=C bonds of carbon skeleton is
positioned at 1659 cm−1. Figure 56.3c representing the Raman spectrum of C-dots
shows two designated peaks as D-band (due to disorder) and G-band (extent of
graphitic order) present in C-dots.

56.2.4 Current Density-Voltage (J–V) Characteristics
and Stability Measurement

The solar cell devices were fabricated using PFO-DBT as donor and C-dots as
acceptor with architecture ITO/PEDOT:PSS/PFO-DBT:C-dots/Al. Number of
devices were fabricated to optimize the overall concentration of active layer and
weight ratio of PFO-DBT:C-dots. The corresponding J–V characteristics were
measured under standard condition and all the performance parameters like Jsc, Voc,

FF, and η are tabulated in Table 56.1.

Fig. 56.3 a UV-Vis absorption spectra and emission band; FTIR and Raman spectra by (b) and
(c), respectively, of synthesized C-dots
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The most efficient device is obtained at 1:1 weight ratio and active layer con-
centration of 40 mg/ml, as shown in Fig. 56.4. As we increase the weight ratio of
C-dots, aggregation took place in film so device performance gets degraded.
Similarly, on decreasing the proportion of C-dots as compared to polymers, there
will not be significant conducting network for the charge carriers to reach their
respective electrodes before recombination. Similarly, decrement in device per-
formance parameters at lower concentration of 30 mg/ml might be due to inefficient
photon absorption that leads to decrement in charge carrier generation. The increase
in active layer concentration 50 mg/ml (device PC5) leads to thick active layer that
ultimately results in increased charge recombination.

In order to check the stability of fabricated devices, we place the most efficient
device in vacuum oven and keep on doing the J–V measurement at regular interval
of time (i.e. at 4th, 8th, 14th, 18th and 24th day) after fabrication (as shown in
Fig. 56.5a). The relative change in the device performance parameters like
short-circuit current density (Jsc), open circuit voltage (Voc), Fill-factor (FF), effi-
ciency (η) and output power (Po) obtained after specified storage duration with
respect to the initial measurement are shown in Fig. 56.5b.

Table 56.1 Solar cell performances (ITO/PEDOT:PSS/PFO-DBT:C-dots/Al) with varied weight
ratios of PFO-DBT (as donor) and C-dots (as acceptor)

Device architecture Active layer
concentration

Weight
ratio

Device
No.

Jsc
(mA cm−2)

Voc

(V)
FF
(%)

η
(%)

ITO/PEDOT:PSS/
PFO.DBT:C-dots/Al

30 1:2 PC1 7.40 0.80 28 1.70

30 1:1 PC2 11.2 0.834 29 2.69

30 2:1 PC3 5.70 0.80 31 1.41

40 1:1 PC4 12.70 0.85 27 2.92

50 1:1 PC5 8.4 0.86 26 1.9

Fig. 56.4 J–V characteristics
of solar cells in direct
configuration, with varying
overall concentration and
weight ratio of PFO-DBT and
C-dots
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It is quite clear from the observed trend that Voc is quite stable and shows a very
little decrease up to 8th day after fabrication while there is a significant drop in the
Jsc value from 12.7 to 5.9 mA/cm2. As on 24th day, Voc reduced only 22% whereas
Jsc reduced up to 74% of the initial magnitude. For whole storage duration FF
reduced merely to 12%. Cell efficiency (η) and output power (Po) follow the similar
pattern as Jsc. The major decrease in Jsc is responsible for decrement in solar cell
efficiency. Thus it is quite clear that C-dots which are responsible for maintaining
open circuit voltage (Voc) show nearly stable behavior (as there is not much
decrement in Voc) while polymer which is usually responsible for short-circuit
current density (Jsc) shows degradation behavior.

56.3 Conclusion

In conclusion, hydrophobic C-dots are synthesized via simple carbonization of
carbohydrates in the presence of an amine. The best performance device is obtained
with weight ratio of polymer: C-dots as 1:1 at overall concentration of 40 mg/ml.
The best efficiency attained is 2.92% which is the highest efficiency reported up to
now with C-dots. Moreover, the VOC obtained is 0.85 V which is a quite efficient
value in polymer based solar cells. However, the low fill-factor value of 27% is
responsible for low efficiency. More work needs to be done to optimize the
fill-factor so as to achieve significant efficiency. Further, C-dots are used in direct
configuration only and needs to be utilized in inverted configuration and Tandem
architecture to yield still better results.

Fig. 56.5 a J–V characteristics and b relative degradation in the performance parameters such as
Jsc, Voc, FF, η, Po of most efficient solar cell over the storage duration for 4, 8, 14, 18 and 24 days,
respectively
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Chapter 57
Effect of Thermal Stress on Power
Conversion Efficiency of PCDTBT:
PC71BM Organic Solar Cells

Shiv Kumar Dixit, Chhavi Bhatnagar, Joginder Singh,
P. K. Bhatnagar and Koteswara Rao Peta

Abstract The effect of thermal stress on poly[N-900-hepta-decanyl-2,7-carbazole-
alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT):[6,6]-phenyl
C71-butyric acid methyl ester (PC71 BM) composite films based organic solar cells
has been examined. The optical absorption spectra of PCDTBT:PC71BM composite
shows that absorption remains almost unchanged till *150 °C. However, the
absorption peak falls by more than 30% for the film annealed at 200 °C. It has also
been observed that photoluminescence (PL) of the PCDTBT:PC71BM composite
films is best quenched by an order of magnitude at an annealing temperature of
150 °C showing a significant transfer of electrons from donor to acceptor. The
maximum photo conversion efficiency (PCE) of the solar cell has been found to
increase significantly (from 0.51 to *2.25%) for sample annealed at 150 °C and
beyond that it starts decreasing.

57.1 Introduction

Organic solar cells (OSCs) have not lost their relevance and efforts are being made
all over the world to fix the existing problems of stability and power conversion
efficiency (PCE). In most of the work done till now in the area of organic photo-
voltaic (OPV), conducting polymer, poly (3-hexyl thiophene-2,5diyl) (P3HT) has
been used so far as a donor material [1–3]. However, a smaller bandgap conducting
polymer PCDTBT also shows a better harvesting of the solar spectrum and PCE in
organic solar cells [4]. OSCs have bright future if the following problems are
solved:

S. K. Dixit (&) � C. Bhatnagar � J. Singh � P. K. Bhatnagar � K. R. Peta
Department of Electronic Science, University of Delhi, South Campus,
Benito Juarez Road, New Delhi 110021, India
e-mail: shivkumardixit.7@gmail.com

S. K. Dixit
Manav Rachna University, Aravalli Hills, Faridabad 121004, Haryana, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_57

375

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_57&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_57&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_57&amp;domain=pdf


a. It is difficult to grow phase segregated composite on a nanometric scale by
blending the conducting polymer with a fullerene derivative. This is due to fact
that concentrations of solute and solvent keeps on changing continuously during
spin coating, resulting in the solvent and solute lying outside the ternary phase
diagram [5, 6].

b. To achieve an ultrafast photoinduced charge separation between conducting
polymers donors and acceptor by enabling them to travel to their respective
electrodes through a phase segregated donor and acceptor 3D networks [7].

c. To achieve a broad absorption spectrum of the conducting polymer which is
usually in a highly limited range of the solar spectrum, for this purpose,
PCDTBT is a better polymer as compared to P3HT.

d. Low stability of the donor conducting polymer due to photo oxidation, and
irradiation to UV light [8, 9]. This problem needs to be addressed in detail.

e. Degradation of morphology of the composite donor-acceptor film because the
BHJ, grown on nanometric scale grows in size with passage of time, forming
large area domains. This reduces the surface area available for charge transfer
from donor to acceptor resulting in degradation of the device [10, 11]. Proper
encapsulation can increase the life of device.

A smaller bandgap conducting polymer as compared to P3HT will enable a
better harvesting of the solar spectrum [4]. Also to achieve a high value of the open
circuit voltage (Voc) of the OPV device, the highest occupied molecular orbital
(HOMO) energy level of the donor conducting polymer should be high (the value
of Voc is approximately equal to difference between HOMO energy level of the
donor and lowest unoccupied molecular orbital (LUMO) energy level of the
acceptor [12]). A high value of HOMO of the conducting polymer will also min-
imize the possibility of degradation of the polymer by oxidation. Besides this, a
very desirable property of a conducting polymer for solar cell applications is that
the material should have a broad absorption band in the solar spectrum region. To
achieve this, the conducting polymer should have a number of absorption peaks in
the solar spectral region with a dip as small as possible between the adjacent peaks.
It is also important that the morphology of donor and acceptor nanostructures
should be free from kinks and surface states; otherwise the photo generated excitons
trapped on these surface states will be lost for dissociation, degrading the PCE [13].

In the present work we have used PCDTBT, a relatively new third generation
donor-acceptor copolymer synthesized by Blouin et al. [14] and have found it to be
a good candidate for the fabrication of OPV. It has been observed that PCDTBT is
more thermally stable even at slightly beyond glass transition temperature
(Tg = 130 °C). The suitability of PCDTBT polymer for photovoltaic applications
has been confirmed by absorption and PL measurements with PC71BM polymer
composite films at different annealing temperatures. OPV device consisting of
PCDTBT have high value of the open circuit voltage (Voc) due to its high highest
occupied molecular orbital (HOMO) energy level [12]. PCDTBT shows wide and
broad absorption in the solar spectral region. The PCDTBT:PC71BM composite

376 S. K. Dixit et al.



solar cells shows a maximum PCE of 2.25% for the cells fabricated from the
composite films annealed at 150 °C in our typical case.

57.2 Experimental Details

The aim is to investigate new material PCDTBT in place of conventionally used
P3HT. The semiconducting polymer PCDTBT, poly(3,4ethylendioxythiophene):
poly(styrenesulphonate) (PEDOT:PSS), and PC71 BM were commercially procured
from Sigma-Aldrich, USA. PEDOT:PSS, a hole transporting layer (HTL) was spin
coated on cleaned ITO coated glasses (resistivity 15 X/sq.). The spin rate was kept
2500 rpm for duration of 40 s. The spin coated films were annealed in vacuum at a
temperature of 100 °C for duration of 20 min in order to remove water content from
HTL. A solution of PCDTBT:PC71BM (10:30 mg) per ml of chlorobenzene was
spin coated on HTL films keeping the spin rate of 2000 rpm for 30 s. These
samples were placed for 10 min in vacuum oven for different annealing tempera-
tures of 100, 150 and 200 °C to remove the remaining residual solvent. Al elec-
trodes were grown on PCDTBT:PC71BM annealed films. The optical absorptions
and photoluminescence of the films annealed at different temperatures were mea-
sured using Shimadzu UV-Vis spectrophotometer 2450 and Shimadzu
Spectrofluorophotometer model RF5301PC respectively. The films for SEM mea-
surements were prepared by spin coating on glass substrate using the same solution
which was used for absorption measurements. These films were also annealed at
100, 150 and 200 °C. SEM images were obtained using SEM Carl Zeiss Evo 18
Special Edition. Current voltage (J-V) measurements were done using Keithley
source meter (SMU2400) and a standard solar simulator (NEWPORT-MD69907)
with an irradiance of 100 mW/cm2.

57.3 Results and Discussions

The optical absorption spectra in the wavelength range 200–700 nm of the
PCDTBT:PC71BM composite films (a) room temperature (RT) (b) annealed at
100 °C, (c) 150 °C, and (d) 200 °C are shown in Fig. 57.1. It is observed that all
the absorption spectra have three absorption peaks viz at 230, 400 and 600 nm [15].
The dip in the peaks is below 40% and it can be assumed that the absorption
spectrum extends from 200 to 600 nm [16]. From the absorption spectrum it is
observed that absorption remains practically unchanged till a temperature
of *150 °C. However for the film annealed at 200 °C, the absorption peak falls by
more than 30%. The reduction in absorption intensity may be attributed to the large
size crystallites formation of PC71BM [17].

The PL spectra of PCDTBT:PC71BM annealed films at different annealing
temperatures and at an excitation wavelength of 525 nm are shown in Fig. 57.2. No
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shift in the PL peak is observed for the composite films annealed at different
temperatures. However a significant PL quenching is observed which indicates a
significant charge transfer from PCDTBT (donor) to PC71BM (acceptor). The
quenching for film annealed at 150 °C is very high which indicates the formation of
better composite with efficient charge transfer [15]. The observed PL peak in all the
cases is red shifted relative to absorption peak, indicating loss of energy of excitons
due to relaxation in density of states and also due to Stokes shift [18].

The p–p stacking arrangement improves for the films annealed up to 150 °C.
The efficient charge transport from donor to acceptor improves resulting low PL
intensity up to 150 °C. But beyond 150 °C, the p–p stacking arrangement disorder

Fig. 57.1 Absorption spectra
of PCDTBT:PC71BM
composite films annealed at
different temperatures

Fig. 57.2 PL spectra for the
PCDTBT:PC71BM composite
films showing the effect of
annealing
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and formation of PC71BM crystallites increase sharply resulting high PL intensity
(Fig. 57.2d) as compared to the film annealed at 100 and 150 °C.

Typical SEM images of PCDTBT:PC71BM composite films for various
annealing temperatures (100, 150 and 200 °C) are shown in Fig. 57.3a–c. The
formation of PC71BM crystallites with annealing temperature is not significant up to
150 °C while beyond it these vary significantly indicating large size crystallites and
defects in the film. The formation of large size crystallites of PC71BM at 200 °C
results in high series resistance and hence lowering the PCE.

The variation in J-V characteristics of the following device structure ITO/
PEDOT:PSS/PCDTBT:PC71BM/LiF/Al with different annealing temperatures RT,
100, 150 and 200 °C of PCDTBT:PC71BM films are shown in Fig. 57.4. It is
observed that the solar cell parameters such as Voc, Maximum output power (Pmax.),
FF and PCE are better for the solar cell film annealed at 150 °C as shown in
Table 57.1.

Clearly the solar cell performance is better for film annealed at 150 °C where the
PCE is found to be 2.25% in our typical case. The device at 200 °C shows drastic
fall in PCE due to large size crystallites formation of PC71BM. The charge transfer
from donor to acceptor increases because the mobility attained by charge carriers is
maximum at 150 °C and beyond this temperature mobility decrease [19].

The corresponding energy level diagram for movement of charge carriers in the
PCDTBT:PC71BM composite solar cell is shown in Fig. 57.5. It is clear from the
figure that the photo generated electrons in PCDTBT can be favorably transferred
from its LUMO level to the LUMO level of PC71BM. Similarly, the holes generated
in PCDTBT can easily be collected at ITO electrode through HTL PEDOT:PSS.
Also the band gap (1.8 eV) of PCDTBT is more favorable as compared to the band
gap (2.3 eV) of P3HT. Therefore low energy photons can be harvested easily in
PCDTBT.

(a) (b) (c)

Fig. 57.3 a–c SEM micrographs for the PCDTBT:PC71BM composite films at different annealing
temperatures

57 Effect of Thermal Stress on Power Conversion Efficiency … 379



Fig. 57.4 J-V characteristics
for the PCDTBT:PC71BM
organic solar cell with films
annealed at different
temperatures

Table 57.1 Variation of
solar cell parameters with
annealing temperature

Annealing
temperature

Voc Jsc PMAX FF PCE
(%)

RT 0.51 2 0.51 0.5 0.51

100 °C 0.67 5.6 1.89 0.50 1.89

150 °C 0.71 6.0 2.25 0.52 2.25

200 °C 0.52 4.0 0.75 0.35 0.75

Fig. 57.5 Energy level
diagram for the PCDTBT:
PC71BM composite solar cell
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57.4 Conclusion

We have investigated the effect of annealing on optical and electrical properties of
the PCDTBT:PC71BM films in order to achieve better PCE. The typical device
shows best PCE of 2.25% at an annealing temperature of 150 °C. The device at
200 °C shows drastic fall in PCE due to large size crystallites formation of
PC71BM. Attempts will be made to obtain a higher value of mobility of holes in
PCDTBT film by optimizing the growth conditions and for improved morphology
of the spin coated film in order to further improve the PCE.
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Chapter 58
Evaluation of Ga:MgZnO/CIGSe
Heterojunction for Realization of All
Sputtered Buffer-Less Solar Cell

Vivek Garg, Brajendra S. Sengar, Nisheka Anadkat,
Gaurav Siddharth, Shailendra Kumar and Shaibal Mukherjee

Abstract In this article, the valence band offset (VBOff) and conduction band
offset (CBOff) values of Cu(In0.70Ga0.30)Se/3at.% Ga:Mg0.20Zn0.80O (GMZO)
heterojunction, grown by dual ion beam sputtering system (DIBS), are calculated to
understand the carrier transport mechanism at the heterojunction for realization of
all sputtered buffer-less solar cells.

58.1 Introduction

CuInGaSe (CIGSe) is the dominant thin film solar cell technology [1–3]. The band
alignment of Buffer/CIGSe interface is one of the most crucial parameters for solar
cell performance. These solar cells usually have buffer layers, such as CdS, ZnS, Zn
(O,S) and InS, in between the absorber layer and transparent electrode made by
transparent Conducting Oxide (TCO) [4, 5]. The role of buffer layer is to prevent
shunting at the TCO/Absorber interface. One of the important parameter to prevent
shunting at the absorber/TCO interface, and the buffer layers should have suitable
properties to reduce the recombination absorber/TCO interface. One of the
important parameter to reduce the recombination is the conduction band offset
(CBO) between Absorber/TCO [6, 7]. Moreover, directly sputter deposition of TCO
layer over absorber, with band offset same as buffer/absorber junction, will help to
realize all sputtered buffer-less solar cells [8–10]. Further, to increase the efficiency
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of the solar photovoltaic cells while reducing costs by using lesser material, several
light management have been proposed and investigated, such as metal nanoparti-
cles, nano-wires, and plasmonic metallic nanostructures [11–13].

58.2 Experimental Details

The deposition of individual thin films and their interface is carried out in Ar
atmosphere with a chamber working pressure of 2.4 � 10−4 mbar by Dual ion
beam sputtering deposition system [13–16]. Ultra photoelectron spectroscopy is
performed by utilizing the beam line of INDUS-1 synchrotron source. The optical
properties of GMZO and CIGSe thin films have been analyzed by M-2000 J.
A. Woolam Spectroscopic Ellipsometer.

58.3 Results and Discussions

Figure 58.1a, b show the expanded valence band onset (VBOn) of GMZO and
CIGSe films. The value of VBOn of GMZO and CIGSe are calculated 2.86 and
0.76 eV. The peak positions of Se 3d is observed in UPS spectra at 54.82 and
54.7 eV for CIGSe film and GMZO/CIGSe interface respectively, while the peak
position of Mg 2p is observed at 50.09 and 50.12 eV for GMZO and GMZO/CIGSe
interface respectively. The optical band gap of CIGSe ðECIGS

bg Þ and GMZO ðEMZO
bg Þ

are calculated to be 1.26 and 3.84 eV, respectively, by plotting Taucs plot from
absorption spectra. The valence band offset ðVBOff DEmÞ and conduction band
offset ðCBOff DECÞ are calculated using following equations [15, 17].

DEm ¼ ECIGSe
Se3d � ECIGSe

VBOn

� �� EGMZO
Mg2p � EGMZO

VBOn

� �
� ECIGSe

Se3d � EGMZO
Mg2p

� �
ð58:1Þ

DEc ¼ EMZO
bg � ECIGS

bg � DEm ð58:2Þ

The calculated value of VBOff and CBOff of GMZO/CIGSe interface are 2.37
and 0.21 eV respectively. Calculated DEC, indicates a favorable alignment at the
interface, will improve the carrier transport at the heterojunction.
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58.4 Conclusion

We can conclude that the value of DEC (*0.21) obtained at above growth con-
ditions using dual-ion beam sputtering is well suited to realize all ion-beam sput-
tered buffer-less GMZO/CIGSe based solar cells. Fabrication of in-line deposited,
buffer-less solar cells will help to realize low cost ultra-thin solar cells.
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Chapter 59
Temperature Dependent Charge/Energy
Transfer Studies of PEDOT:PSS-TiO2
Composites

Jyoti Bansal, Tarnija Sarao, Reena Kumari,
Ritu Srivastav, A. K. Hafiz and Shailesh Narain Sharma

Abstract In this work, charge/energy transfer characteristics of PEDOT:PSS-TiO2

composites have been studied as a function of crystallite sizes of TiO2 nanocrystals
annealed at different temperatures for its application in organic optoelectronic
devices. From this we found that as the temperature increases energy transfer
phenomenon dominates over charge transfer process. We raised the temperature
from 200 to 400 °C. Charge transfer process observed at 200 °C and energy transfer
process dominated at 400 °C.

59.1 Introduction

TiO2 is a material having wide range of physical and chemical properties due to its
many advantages such as high photocatalytical activity, high decomposition rate,
and low production constant and nontoxic in nature for its wide applications in
photocatalysis, gas sensors, solar cells and other electrochromic devices [1]. In this
paper, we have studied charge/energy transfer characteristics of PEDOT:PSS-TiO2

composites for its applications in energy conversion and storage devices [2].
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59.2 Aim of Study

Our main aim of present study is to investigate variation in properties of
as-synthesized TiO2 at different annealing temperatures and interaction of
differently-annealed TiO2 with PEDOT:PSS for the detailed study of charge/
energy-transfer properties between the two.

59.3 Method

TiO2 nanoparticles have been synthesized by sol-gel method as described earlier [3]
while PEDOT:PSS was purchased commercially. Comparison of properties of
as-synthesized TiO2 annealed at different temperatures (200–400 °C) has been done
and its effect on the charge/energy transfer characteristics of PEDOT:PSS-TiO2

composites have been studied in details. The structural and optical properties were
investigated by XRD, PL and UV-VIS absorption FTIR spectroscopy studies
respectively.

59.4 Results

Figure 59.1a, b depicts the XRD pattern of annealed TiO2 at different temperatures.
Up to temperature of 300 °C, there is enhancement in crystallinity and above this temp
crystallinity decreases marginally with concurrent reduction in FWHM accordingly.

Fig. 59.1 a Shows the XRD pattern at different temperatures b shows the relation between
crystallite size and FWHM versus different annealing temperatures
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Using the X-Ray diffraction pattern, we have calculated the crystallite size as
well as the FWHM values (by Scherrer’s formula)

s ¼ kk
b cos h

ð59:1Þ

where, b corresponds to the FWHM in radians; k is the constant; s refers to the
crystallite size in nm as determined by the Scherrer’s formula; as shown in (59.1).

Figure 59.2 shows the charge and energy transfer process between TiO2 and
PEDOT:PSS at different annealing temps.

From Fig. 59.2a–e, the spectral overlap between TiO2 absorption and PEDOT:
PSS emission spectra indicate dominance of energy transfer over charge transfer
particularly for TiO2 annealed at 300 and 400 °C respectively. However for TiO2

annealed at 200 °C, only charge transfer is evident as energy transfer does not exist
due to no spectral overlap between the absorbance and emission of TiO2 and
PEDOT:PSS respectively. The subsequent shift in absorbance spectra for TiO2 with
increase in annealing temperature (RT-400 °C) indicates increment in crystallite
size (*6–20 nm) which favors energy-rather than charge transfer for PEDOT:
PSS-TiO2 composites [4].

Figure 59.3 shows the FTIR spectra at different annealing temperatures in
Fig 59.3b, c peaks at 2358 and 2368 cm−1 corresponds to C�C stretching
absorption. The enhancement in the carbon content with increasing temperature
prevents the effective charge transfer between PEDOT:PSS and TiO2

composites however it enhances the mechanism of FRET as elucidated by various
results.

Fig. 59.2 a TiO2

unannealed, b TiO2 200 °C
(annealed), c TiO2 300 °C
(annealed), d TiO2 400 °C
(annealed), e PEDOT:PSS
emission
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59.5 Conclusion

In conclusion, systematic study for the comparison of TiO2 annealed at different
temperatures results in improvement of its properties in its corresponding PEDOT:
PSS composites. At lower annealing temperature (*200 °C) or crystallite size
(*6–10 nm), charge transfer is dominant however at higher annealing tempera-
tures (400 °C) or crystallite sizes (14–20 nm) energy transfer mechanism prevails
upon charge transfer in PEDOT:PSS-TiO2 composites. The existence of charge and
energy transfer for TiO2 annealed at different temperatures renders PEDOT:
PSS-TiO2 composites suitable for various optoelectronic devices viz. OLED’s and
Organic photovoltaics.
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Chapter 60
Methylamine Vapor Exposure
for Improved Morphology and Stability
of Cesium-Methylammonium Lead
Halide Perovskite Thin-Films

Akash Singh, Arun Singh Chouhan and Sushobhan Avasthi

Abstract Mixed-cation cesium-methylammonium lead halide perovskite (CsxMA1

−xPbI3−xBrx) thin-films have been used to demonstrate stable and efficient per-
ovskite devices. However, a systematic study of the Cs incorporation on the
properties of the perovskite films has not been reported. In this report, impact of
cesium incorporation on the minority carrier recombination lifetime of
cesium-methylammonium lead halide perovskite thin-films is studied. The lifetime
of the as-deposited perovskite films decreases with increasing concentration of
cesium. However, mixed-cation perovskite films are more stable, showing higher
lifetimes (15–20 µs) after 9 h of ambient exposure than just after deposition
(6–13 µs). ‘Methylamine Vapor Exposure’ (MVE) technique was used to
improve the morphology of the as-deposited film. MVE treated films are more
oriented along (110) direction and were even more stable in ambient, with
Cs0.10MA0.90PbI2.90Br0.10 films showing lifetime of almost 50 ls after 9 h of
ambient exposure, twice the lifetime of a comparable MAPbI3 film. These results
throw light on why mixed-cation cesium-methylammonium lead halide perovskite
films are better for highly efficient and stable perovskite solar cells.

60.1 Introduction

Organic-inorganic hybrid perovskites are very interesting materials for photovoltaic
and optoelectronic applications, owing to their excellent opto-electrical properties
like high absorption coefficient, tunable direct band gap, lower excitonic binding
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energies, defect tolerance and long carrier recombination lifetimes. State-of-the-art
hybrid perovskite solar cells yield efficiencies as high as 22% [1].
Methylammonium lead iodide (MAPbI3) is the most well-studied perovskite
absorber, however it tends to degrade in ambient conditions due to the hygroscopic
nature of methylammonium cation [2]. One way to limit degradation is to com-
pletely replace the methylammonium cation with inorganic cesium, forming inor-
ganic cesium lead iodide (CsPbI3) perovskite. Unfortunately, at room temperature
CsPbI3 exists in orthorhombic phase which is yellow in color and has poor pho-
tovoltaic properties. Black-colored cubic phase of CsPbI3, which shows the
desirable photovoltaic properties, exists only at temperatures higher than 300 °C
[3]. To solve this problem, researchers have investigated mixed cation perovskite
formulation, where 10–15% of methylammonium cations are replaced with Cs
cations in the perovskite film to form CsxMA1−xPbI3−xBrx. This has already been
shown to yield device with good efficiency and improved stability, but a systematic
study on the effect of cesium incorporation on the material properties, such as
carrier recombination lifetimes has not been done. In this work, the effect of Cs
incorporation on stability and performance of mixed cation perovskite films
(CsxMA1−xPbI3−xBrx) is studied by measuring the minority carrier recombination
lifetime, at varying level of Cs incorporation (x in %). Furthermore, Methylamine
Vapor Exposure (MVE) has been shown to improve the morphology of MAPbI3
films, leading towards increase in efficiency and stability of devices [4]. However,
the suitability of MVE technique on mixed cation perovskite films and its effect on
their stability has not been studied before in detail. This work also shows the
suitability of this technique in improving the morphology, crystallinity, lifetime
values and stability of the CsxMA1−xPbI3−xBrx films.

60.2 Experimental Details

Mixed cation perovskite precursor solutions (1 M) containing 0, 5, 10 and 15%
cesium were prepared using different stoichiometric ratios of cesium bromide
(CsBr), methylammonium iodide (MAI) and lead iodide (PbI2) in N-
N dimethylformamide (DMF) solvent. The prepared solution was stirred overnight
at 100 °C. Glass substrates (RMS roughness * 5 nm) were cleaned by successive
ultra-sonication in acetone, iso-propanol and deionized water for 20 min each,
followed by drying under a nitrogen handgun. Cleaned glass wafers were placed
inside a nitrogen glove-box with oxygen and water content below 0.1 ppm.
Glass-wafers were pre-heated for 30 min at 100 °C and perovskite solution was
spin-coated at 2000 rpm for 30 s. Spin-coated films were further annealed for
20 min at 100 °C. For MVE treatment, thin-films were exposed to methylamine
vapour for *1 s at room temperature and allowed to recrystallize at
room-temperature [4].

Minority carrier recombination lifetime values were measured for perovskite thin
films by Freiberg Instrument MDP-spot using a 405 nm laser (180 mW) [4, 5].
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Perovskite thin films were characterized using Rigaku Smart lab X-ray
Diffractometer using CuKa radiation. Morphological study was carried out using
ZEISS Ultra 55 scanning electron microscope.

60.3 Results and Discussion

Minority carrier recombination lifetime is a measure of the duration for which photo
generated carriers exist in a material, before being lost to recombination.
Recombination lifetime directly depends on the energy-position and density of
defects and trap states present in the material. In our study, microwave detected
photoconductivity (MDP) was used to characterize the carrier recombination life-
time. It is a non-invasive technique wherein a pulsed laser source excites the charge
carriers, which temporarily increases the conductivity of the perovskite film. As the
excess photo generated carriers recombine, the conductivity reverts to the equi-
librium value. The conductivity can be measured in a non-contact mode using
microwave because microwave reflectivity off a semiconductor surface is a function
of the conductivity of a film. By continuously probing the sample with microwaves,
the decay rate of photo generated carriers can be extracted. The lifetime so mea-
sured is an “effective” number that includes both the bulk and surface recombi-
nation processes. Assuming, the surface recombination does not change with minor
changes in material composition, the effective lifetime can be assumed to be proxy
for the bulk recombination lifetimes, and hence a measure of material quality. In
this work we used the effective carrier recombination lifetime measurements
(henceforth called carrier lifetime) on a series of CsxMA1−xPbI3−xBrx films with
different levels of Cs-incorporation (x = 0, 0.05, 0.10 and 0.15). Cesium incorpo-
ration was not increased beyond x = 0.15, because higher concentration of Cs
segregates out of the perovskites film [6]. Carrier concentration decay profile,
measured using MDP-Spot, of the freshly prepared mixed cation perovskite films
with 0, 5, 10 and 15% of cesium content is shown in Fig. 60.1a. In general higher
the lifetime, slower the decay. The decay can be fit to an exponential, the char-
acteristic depth of which is the carrier lifetime. Extracted carrier lifetime of the
as-deposited samples was 21.5 µs for pure MA perovskite film (0% Cs). As the
cesium concentration increased from 0 to 15%, the lifetime fell from 21.5 to 5.8 µs.
This gradual decrement in the lifetime values could be attributed to the increase in
the inhomogeneity due to cesium incorporation along with the retarded grain
growth where cesium interferes with the crystallization of perovskite.

Carrier lifetime closely correlates with the film quality and ultimately to the
efficiency of the solar cell. So, we used carrier lifetime to characterize the stability
of the films. The carrier lifetimes of the perovskite films with different amount of
cesium were measured regularly over a period of 9 h, during which the films were
stored in air, exposed to ambient humidity and oxygen. Figure 60.1b shows the
evolution of carrier lifetime values over a period of 9 h of ambient ageing. In the
first one hour, films with 0% Cs showed an increase in the carrier lifetime value
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from 21 to 30 ls [4]. This has been observed before, and typically is attributed to
the healing behavior of the moisture present in the ambient environment, which
facilitates better carrier transport across grains and reduced recombination [7]. After
one hour of exposure, the lifetime values gradually decrease over time, showing the
degradation in the films. Cesium incorporated films (x > 5%) also show an increase
in lifetime with ambient exposure, probably due to the similar healing behavior in
the ambient. However, the notable difference is that the lifetime continues to
increase even 9 h after the exposure, with all the composition showing lifetime of
16–20 ls. This suggests that compared to pure MA perovskite films, the
Cs-incorporated films are more resilient to degradation. The observation supports
previous reports which demonstrated increase stability in mixed-cation perovskite
solar cells.

The carrier lifetime has a direct correlation with the morphology in terms of grain
sizes and the boundaries associated with it. Grain boundaries act as non-radiative
recombination centers leading towards faster decay of photo generated carriers.
Smaller grains will lead to more carrier recombination, lower carrier lifetime, and
lower device performance. In order to probe the effect of Cs-incorporation on the
morphology of the deposited films, we carried out the morphological study of the
as-deposited 10% Cs containing perovskite film. Figure 60.2a shows the SEM
image of the as-deposited perovskite film. The films were non-uniform with poor
surface coverage, having micron-sized pin-holes and grain sizes in the range of 300–
500 nm. Films with such morphology will lead to low-efficiency solar cells.
Solvent-solvent extraction and post treatments are widely used to improve the
morphology of the perovskite films. It has been previously shown that exposure to
methylamine vapors (MVE) improves the MAPbI3 film quality by means of com-
plex formation and perovskite recrystallization [4]. However, there are no detailed
reports of MVE treatment applied to mixed-cation-anion perovskite films.
To investigate, we exposed mixed cation perovskite film with 10% Cs to MA

Fig. 60.1 a Carrier density decay in as-deposited perovskite films with different amount of Cs.
b Evolution of carrier lifetime values with exposure to ambient
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vapor for*1 s. The exposure led to the formation of an optically bleached frustrated
complex. As the vapors are removed, the complex quickly decomposes, forming a
shiny black film of the mixed-cation perovskite. The resulting “MVE” film showed
excellent coverage with no observable pin holes. The grain-size, or more accurately
the domain size, also increases to 1–3 lm (Fig. 60.2b).

The test proved that MVE technique can be used to improve the film quality
even for mixed cation perovskite films, a novel result. To check the phase purity we
recorded the XRD pattern of the 10% Cs containing as-deposited and MVE treated
perovskite film. Figure 60.3 shows the normalized grazing angle XRD pattern of
both the films. Both the as-deposited and MVE treated films are phase-pure per-
ovskites, with no impurity peaks of CsPbI3/CsPbBr3 perovskite. The MVE treated
films were more oriented in the (110) crystallographic direction with reduction in
the intensities of other planes. Further, the full width half maximum (FWHM) value
corresponding to the perovskite primary peak at *14° reduced to 0.376° in MVE

Fig. 60.2 SEM image of a as-deposited 10% Cs containing perovskite film. b MVE treated 10%
Cs containing perovskite film. Scale bar is 2 lm

Fig. 60.3 XRD patterns of
10% Cs containing
as-deposited and MVE treated
perovskite films
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treated films as compared to 0.402° in as-deposited films confirming the
enhancement in the crystallite grain size.

To investigate the change in carrier lifetime values owing to the MVE treatment,
we further carried out the carrier lifetime measurements. The obtained value
showed a significant increase in lifetime values for both the 0 and 10% Cs con-
taining MVE treated films. Figure 60.4a. shows the carrier concentration decay
curve for 0 and 10% Cs containing as-deposited (dotted lines) and MVE treated
(continuous lines) films. The carrier lifetime values for the freshly prepared 0% Cs
films increased to 31 ls from 21.5 ls after MVE treatment and similar results were
observed for 10% Cs incorporated films whereby lifetime values increased to 25 ls
from 10 ls. This significant increase in lifetime values was attributed to increased
grain size with reduced number of grain boundaries after MVE treatment (as shown
in Fig. 60.2). Although MVE treatment lead to an increase in the lifetime values for
both the 0 and 10% Cs incorporated film, but the obtained values were higher in
non-cesium containing films. This decrement is in agreement with the fact that
cesium incorporation retards the crystal growth leading to smaller grains. We
compared the grain sizes of the MVE treated 0% Cs and 10% Cs containing
perovskite films and found the same results were non-Cesium containing film had
grain sizes in the range of 4–6lm whereas films with 10% Cs had grain sizes of 1–
3 lm [Data not shown].

To probe further, we once again used the carrier lifetime measurement as a
measure to study the stability of MVE treated films. Figure 60.4b shows the carrier
lifetime evolution profile for the as-deposited and MVE treated perovskite films
with 0 and 10% of Cs incorporation for 9 h of continued ambient exposure. As can
be inferred from the figure, the carrier lifetime for the MVE treated films were
always significantly higher than the as-deposited films. 0% Cs films after MVE
treatment did show an increment in the lifetime value which increased from 31 to
42 ls over an hour but soon after that, degradation dominated over moisture
assisted healing, resulting in a monotonic decrement in the lifetime with further

Fig. 60.4 a Carrier concentration decay curve for as-deposited and MVE treated perovskite films
with 0 and 10% Cs. b Evolution of carrier lifetime values with ambient ageing for 9 h
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ambient exposure. Whereas, for the films with 10% Cs content, the lifetime values
increased gradually from 25 to 50 ls in 5–6 h and stabilized This suggested that the
10% Cs containing MVE treated films were not only stable but also improve in their
photo-physical properties yielding higher recombination lifetimes which would lead
to higher efficiency devices with improved carrier collection.

60.4 Conclusion

We reported that Cs incorporation results in a monotonic decrease in carrier
recombination lifetime of CsxMA1−xPbI3−xBrx films. However, Cs-incorporated
films are more stable, with recombination lifetime increasing by 40–300% for
different Cesium concentration over 9 h of ambient exposure. MVE technique also
works on mixed cation perovskite films which improve the morphology and quality
of the as-deposited films, leading to higher recombination lifetimes and resilience to
ambient exposure degradation. This work shows the importance of the moisture
assisted healing behavior on mixed cation perovskite films. Devices, if fabricated in
controlled humid environment using mixed cation perovskite film as absorber layer
will eventually leads to higher carrier collection efficiencies.
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Chapter 61
Enhancement in Power Conversion
Efficiency of Multi-crystalline Silicon
Solar Cell by ZnS Nano Particles
with PMMA

Amruta Pattnaik, Monika Tomar, Som Mondal, Vinay Gupta
and B. Prasad

Abstract The research work focuses on the application of ZnS Nano particle
(NP) phosphors towards the solar cell. ZnS NP phosphors have been successfully
synthesized by the chemical co-precipitation method. The ZnS NP is aimed to get
over the recombination losses because of incompatibility with spectrum when a low
wavelength photons are falling on the multi crystalline-Si-solar cell. The XRD,
TEM and UV-Visible measurements were followed out to characterize the dried
ZnS NP. The prepared ZnS Nanoparticles (NP) along with poly-methyl-
methacrylate (PMMA) were applied on the front surface of the solar cell in three
different concentrations ratio of dried ZnS NP into PMMA solution in the ex situ
manner. An enhancement in Power conversion efficiency was observed in the ZnS
Nanoparticles/PMMA coated solar cell.

61.1 Introduction

Luminescent Down Shifting material alters the one high energy photon into two
low energy photons which can be efficiently absorbed by the solar cell because the
solar cell is unable to absorbed the higher UV Spectrum. Luminescent downshifting
(LDS) allows a more efficient use of the available solar spectrum, by extending the
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short-wavelength response of the solar cell. The LDS materials show a large
effective “Stokes shift”. LDS materials merged with the polymer exhibits high
luminescent quantum yield (LQY) [1].

Zinc sulfide (ZnS) has been acknowledged as one of the chalcogenide elements
whose band gap is 3.68 eV at room temperature. The band gap of ZnS lies in the
ultra-violet (UV) region, so that it can be used for optoelectronics, LED and
Photovoltaic cells [2].

In this work, it is aimed at establishing a comparison of the power conversion
efficiency (PCE) of LDS coated multi c-Si solar cell with reference solar cell [3, 4].
The LDS coated silicon solar cell was prepared by varying the concentration ratio
of dried ZnS nanoparticles to PMMA.

61.2 Experimental

61.2.1 LDS Materials Synthesis and Characterization

All white powder samples were synthesized by using a chemical co-precipitation
method. The starting materials were Zinc Acetate Dihydrate (99%), Thiourea
(99%), Ethylene Glycol, De-ionised water and Ethylenediamine. The stoichiometric
amounts of raw materials were weighed out and then Zinc Acetate Dihydrate
dissolved in the Ethylene Glycol and De-ionised Water under continuous stirring.
Ethylenediamine added into the Zinc Acetate solution under continuous stirring.
Simultaneously, Thiourea solution added into the mixture under continuous stirring
for next 30 min. The homogenous mixtures became transparent and it was trans-
ferred to a round bottom flask and heated up to 100 °C by refluxing method for 4 h.
Then after the solution was filtered and washed for 10–12 times. Afterwards, it was
dried at 70 °C for 24 h in a oven. Then after the dried ZnS nano powder crushed
properly for one hour by agate mortar and it was ready for material characterisation.

61.2.2 Sample Preparation and Characterizations of LDS
Based Multi Crystalline Solar Cell

In order to prepare for the down-shift layer on the solar cell, Spin-coating technique
was used to prepare the thin film on the multi c-Si solar cell. In this research work,
three different concentration of synthesized ZnS nanoparticles were dispersed into
PMMA solution in ex situ form and characterized by measuring the External
quantum efficiency (EQE) and J-V characteristics. The obtained results were
compared and calculated the power conversion efficiency of multi crystalline silicon
solar cell under different concentrations such as 1:10, 1:2, and 4:5 ratio of ZnS
Nano particles to PMMA solution [5].
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61.2.3 Characterization Techniques

The phase identification of the crystal structure was examined by X-ray diffraction
(XRD) using an ultima IV X-ray diffractometer [RIGAKU]. The optical spectra
were studies using UV-VIS spectrometer. The size of particles was determined by
FEI TecnaiTF20 microscope. The external quantum efficiency (EQE) was measured
by Bentham PVE300. The J-V measurement was carried out by Oriel Simulator.
The external quantum efficiency (EQE) was measured by Bentham PVE300.

61.3 Results and Discussions

Figure 61.1 displays the XRD pattern of ZnS Nanoparticle. It shows that the sample
have good crystalline quality. All the diffraction peaks can be indexed to a cubic
structure that coincides with the standard JCPDS Card No. 05-0566 [6]. TEM study
indicates that the ZnS nanoparticles are spherical in nature [6] as shown in
Fig. 61.2. By the help of Image J software, the average size of the nanoparticles
ranges in between 100 and 250 nm on the scale of 200 nm, but agglomerated
particles sizes are greater than 200 nm. Under transmittance mode, ultra
violet-visible (Uv-Vis) spectrum indicates that the band gap of the ZnS nanoparticle
is 4.0 eV as shown in Figs. 61.3 and 61.4.

The J-V results of dried ZnS NP/PMMA coated Multi-crystalline silicon solar
cell under both light and dark are shown in Fig. 61.5. In addition, there is also
enhancement in External Quantum Efficiency in short wavelength as shown in
Fig. 61.6 [3–5, 7, 8]. The improvement was observed in the Multi crystalline

Fig. 61.1 XRD of ZnS nano
particles
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Silicon solar cells after the deposition of the different amount of synthesized dried
ZnS NP into PMMA solution. A relative enhancement of power conversion effi-
ciency (PCE) was 38.95% under 4:5 ratio of dried ZnS Nanoparticles to PMMA
solution as compared with reference solar cell or un-coated solar cell.

Fig. 61.2 TEM image of ZnS nanoparticles

Fig. 61.3 Transmittance of
ZnS nanoparticles
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61.4 Conclusion

Downshifting material does not require any extensive assembly on existing solar
cell. Rare earth elements, Dye, II-VI semiconductor materials are the different types
of downshifting materials. Rare earth doped Chalcogenide materials are also good
downshifting materials which can increase the power conversion efficiency of the
solar cell by absorbing ultraviolet spectrum.

Fig. 61.4 Tauc’s plot of ZnS
NP

Fig. 61.5 J-V characteristics
solar cell under light and dark
condition
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In this work, ZnS Nanoparticles acted as Luminescence down-shifting material
(LDS) and were responsible for enhancement in efficiency of the photovoltaic cell.
The higher concentration of dried ZnS Nanoparticles played a vital role in
improving the short-wavelength section from *350 to *510 nm and led to
improvement in power conversion efficiency (PCE) of the solar cell.
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Chapter 62
Design Optimization of Bifacial Solar
Cells with Bifaciality of 100%

Saima Cherukat and Anil Kottantharayil

Abstract In this work, we present the optimization of bifacial silicon solar cells to
obtain 100% bifaciality. Bifaciality is defined as the ratio of the rear side efficiency
to the front side efficiency, measured under standard test conditions. 100% bifa-
ciality is important in applications where vertical mounting of bifacial modules
could be advantageous.

62.1 Introduction

Bifacial solar cells are designed to allow light to enter from both front and rear
surfaces of the cell. Instead of covering the entire rear surface with reflective
aluminium contact, as in monofacial back surface field (BSF) solar cell, finger grid
is used, which allows the sunlight to enter the silicon through the rear side. The
absence of aluminium back metallization also brings an advantage of increase in the
output power due to the decrease in solar cell working temperature.

Mono facial solar modules are often installed at fixed angles, whereas bifacial
solar modules can be installed vertically also. Reduced soiling observed in the
vertically installed bifacial solar modules make it more attractive considering the
long term energy generation potential and maintenance expenses [1]. The bifacial
solar panels produce two generation peaks in the morning and evening, compared to
the noon peak scenario in the case of mono facial cells [2]. The generation peaks
would be symmetrical if the bifacial solar cells are 100% bifacial.

Various fabrication and simulation studies have been reported in the area of the
bifacial solar cells, but with bifaciality factor less than unity. In our work, the focus
was on designing and optimizing the N+ P P+ bifacial boron BSF solar cell to obtain
symmetrical electrical performance matrices.
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62.2 Simulation Methodology

Simulations were carried out using PC1D, a widely used finite element
quasi-one-dimensional (Q1D) program widely used by the silicon solar cell research
fraternity [3]. PC1D offers a handy user interface with the potential to address
problems associated with heavy doping, non-planar structures and transients [4].

N+ P P+ bifacial BSF bifacial solar cell structure, with a homo polar low-high P P+

junction on the opposite surface to the hetero-polar N+ P junction is chosen for our
study. Optimization for 100% bifaciality has been started with planar structures with
phosphorus and boron error function doping profiles for N+ emitter and P+ back
surface field respectively. Realistic profiles have been included later and the best cell
simulation model is presented in Table 62.1. Metallization shading is not considered
in the model, which can result in an overestimation of current and efficiency.

Front and rear reflectance curves have been simulated using OPAL software [5].
The passivation and antireflective coatings (ARC) are critical for high efficiency
solar cells. Different materials suitable for passivation and anti-reflective coatings
for N and P type silicon have been considered from the literature [6] and a stack of
30 nm SiO2-85 nm SiNx and 2 nm Al2O3-70 nm SiNx have been selected for front
and rear surfaces. Upright random pyramid is chosen as the surface in OPAL
simulations. PC1D simulated reflectance curves, based on the included OPAL
reflection files and internal optical reflectance values are as shown in Fig. 62.1.

Active doping concentration profiles measured using electrochemical capaci-
tance voltage (ECV) method have been used for emitter and BSF regions and are
shown in Fig. 62.2. Peak doping concentration and sheet resistance of the doping
profiles are given in Table 62.2.

Table 62.1 Simulation model of the best cell design

Parameter Value

Device area 100 cm2

Front and rear surface Textured

Front and rear reflectance External files

Internal optical reflectance First bounce: 95%
Second bounce: 15%

Contact resistance Emitter: 0.3 mΩ
Base: 1.2 mΩ

Internal conductance 5 mS

Thickness 200 µm

Wafer resistivity 2 Ω cm

N+ doping External POCl3 diffused profile

P+ doping External BBr3 diffused profile

Carrier lifetime 400 µs

Front surface recombination velocity 100 cm/s

Rear surface recombination velocity 20 cm/s

Front and rear illumination AM1.5 G
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Front and rear surface recombination velocities are taken with a margin to the
values reported as achievable in the literature for similar passivation—ARC stacks
used.
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Table 62.2 Details of the doping profiles used in the simulation

Profile Peak concentration (cm−3) Sheet resistance (Ω/sq.)

Front N + POCl3 diffusion 3.31E+20 76

Rear P + BBr3 diffusion [7] 4.85E+18 189
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62.3 Simulation Results and Discussion

The simulation results of the best cell design are shown in Figs. 62.3, 62.4 and
Table 62.3. It shows that high efficiency 100% bifacial solar cells may be possible.
As photo generated carriers near the rear side need to travel towards the emitter on
the front side to contribute to the power generation; carrier lifetime, wafer thick-
ness, rear P+ doping and rear surface recombination velocity would have an effect
on the bifaciality of solar cell. In this work, carrier lifetime and wafer thickness are
varied to study the influence on the performance matrices.
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Table 62.3 Output performance matrices of the simulated best cell model

Illumination
side

Voc

(V)
Jsc (mA/
cm2)

Fill factor
(%)

Efficiency
(%)

Bifaciality
(%)

Front 0.66 46.0 82.3 25.0 100

Rear 0.66 46.0 82.3 25.0
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Fig. 62.6 Bifaciality as a
function of wafer thickness
for different carrier lifetimes
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The effect of minority carrier lifetime on open circuit voltage (Voc) and short
circuit current density (Jsc) for front and rear illuminations are shown in Fig. 62.5.
100% bifaciality for this model is achievable with carrier lifetime greater than
400 µs. Rear efficiency is more sensitive to carrier lifetime than front efficiency, as
expected.

The wafer thickness is varied for different carrier lifetime to study the influence
on bifaciality and the result is shown in Fig. 62.6. Bifaciality factor decreases for
increasing wafer thickness, unless the carrier lifetime is sufficiently high.

It was also observed that rear P+ doping is a critical factor which determines the
bifaciality of the solar cell. Heavy rear doping deteriorates the bifaciality factor and
optimization is required to find the optimum doping conditions.

62.4 Conclusion

The device design parameters which can influence the electrical performance of
bifacial solar cell were analysed and a PC1D simulation model for high efficiency
100% bifacial solar cell is presented. Carrier lifetime, wafer thickness and rear P+

doping are found to have critical impact on the bifaciality of solar cell. In the
proposed best cell model, 100% bifaciality is achievable for carrier lifetime greater
than 400 µs. However, more than 98% bifaciality is possible with carrier lifetime of
200 µs. Design optimization can be done to get 100% bifaciality with lower life-
time wafers, compromising the absolute efficiencies. Metallization shading and
higher recombination under contact regions, which are not considered in this model,
have included in our 2 dimensional simulation study of bifacial solar cells.
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Chapter 63
Tunable Plasmonic Properties
from Ag–Au Alloy Nanoparticle
Thin Films

Sanjay K. Sardana, Sanjay K. Srivastava and Vamsi K. Komarala

Abstract Silver (Ag), gold (Au) and silver-gold (Ag–Au) alloy nanoparticles films
are deposited on glass substrates by using pulsed DC magnetron sputtering. The
extinction spectra of Ag, Au and Ag–Au alloy nanoparticles films are studied,
which shows the tunability of surface plasmon resonance (SPR) properties of the
Ag–Au nanoparticles films with changing in mass thickness of Ag and Au.

63.1 Introduction

THE optical properties of metals at nanoscale is greatly different from bulk metals.
The metal nanoparticles (NPs) film is composed of nanometer sized particles. The
interaction of these subwavelength metal NPs with incident light leads to collective
oscillation of free electrons of metals, which exhibits surface plasmon resonances
(SPRs). Depending upon the particles size, shape and dielectric environment the
incident light can be strongly absorbed or scattered by the metal NPs which can be
exploited for applications in biosensors to photovoltaics [1–6]. The choice of metal
NPs is also very important as the SPRs’ wavelength depends on the material
dielectric properties. In general, noble metals silver (Ag) and gold (Au) both exhibit
good plasmonic properties. Recently, the Ag–Au alloy NPs have been used for
many applications because of tunability of plasmonic properties simply by
changing the ratio of mass thickness of Ag and Au [4–6].
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63.2 Experimental Details

Ultra-thin films of Ag, Au and Ag–Au alloy thin films were deposited on glass
substrates using pulsed DC magnetron sputtering for different timings (15, 30, 45,
and 60 s). Prior to the deposition of these films glass substrates were cleaned with
soapy water and then sequentially ultra-sonicated for 10 min each in deionized
water, acetone and proponal. Magnetron sputtering system has the option for
simultaneous deposition on substrates with two 2″ � 6″ rectangular targets, i.e. Ag
and Au each with 99.99% purity as the cathode. Initially, sputtering chamber was
evacuated to a base pressure of 2 � 10−6 mbar, and then depositions were carried
out at a constant working pressure of 2 � 10−2 mbar in Argon gas environment
(gas flow rate = 15 sccm) under a bias voltage of 300 V and 0.5 A current. The
as-deposited discontinuous thin films are converted into monometallic (Ag or Au)
NPs and alloy (Ag–Au) NPs by post deposition annealing at 300 °C in the nitrogen
environment for 1 h. The optical images of as-deposited Ag and Au thin films, and
after annealing at 300 °C has shown in Fig. 63.1a.

Optical properties were investigated using Perkin Elmer Lambda 1050
UV-Vis-NIR spectrophotometer with an attachment of 150 mm integrating sphere.
The total transmittance (diffuse + specular) of samples were recorded in the
wavelength range 300–1100 nm. Atomic force microscopy (AFM, Bruker
Dimension icon, USA) in tapping mode was used to study the sizes and surface
morphology of the NPs. The structural measurements are carried out by X-ray
diffractometer (Rigaku Ultima IV).

63.3 Results

The XRD spectra of Ag, Au and Ag–Au nanoparticles films have shown in
Fig. 63.1b. The observed peaks at diffraction angles 2h = 38.04°, 44.43°, 64.48°,
and 77.41° correspond to the planes (111), (200), (220), and (311) confirmed the fcc

Fig. 63.1 a Optical images of as-deposited Ag and Au thin films, and after annealing at 300 °C
and b XRD spectra of Ag, Au and Ag–Au NPs films
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structures of Ag and Au metals. All these XRD spectra are recorded after two
months of deposition by keeping in the ambient conditions. From XRD spectra, it is
evident that all these monometallic and alloy NPs are quite stable.

Figure 63.2 shows the morphology of NPs on glass substrates for 60 s Ag, 60 s
Au and 30 s Ag + 30 s Au. The NPs average size/height measured from these
AFM images are 110 nm/23 nm for Ag NPs, 65 nm/8 nm for Au NPs and 90 nm/
20 nm for Ag–Au alloy NPs. So, by varying the concentration of Ag and Au, one
can tune the aspect ratio (size/height) of NPs, which finally determines the SPRs
wavelength.

Figure 63.3a shows the extinction spectra of Ag and Au NPs films. The
extinction spectra is calculated simply from 100-T, where T is the total transmit-
tance. Extinction is the sum of absorption and scattering from metal nanoparticles.
The SPR peak occurs around 410 nm for 15 s Ag NPs film, which got red shifted
and broadened with increase in the mass thickness of the film. Same trend is
observed for the Au NPs film for which SPR peak appeared around 540 nm.

Fig. 63.2 AFM images of a Ag and b Au deposited for 60 s, and c Ag–Au deposited for 30 s
each

Fig. 63.3 a Extinction spectra of the Ag and Au NPs films, b Ag–Au alloy NPs films annealed at
300 °C
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Figure 63.3b shows the extinction spectra of Ag–Au (1:1) alloy NPs film with
the same mass thickness as the monometallic films. We observed that the SPR peak
of alloy NPs film between pure Ag and Au with reduced extinction value near SPR
region and large broadening, which confirms the less absorption near resonance and
large scattering of light in the long wavelength region. This type of SPR tuning can
be easily achieved by changing the ratio of mass thickness of Ag and Au metals.

63.4 Conclusion

In conclusion, we presented a simple method to have the Ag–Au alloy NPs for
various applications. By varying the mass thickness ratio of Ag and Au, one can
tailor the plasmonic properties of Ag–Au alloy NPs.
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Chapter 64
Development of High-Quality
Organo-metal Halide Perovskite Film:
Optimization of Thickness, Surface
Morphology and Characterization

Nidhi Gupta, Amit Kumar and Kanchan Saxena

Abstract High performance hybrid organic inorganic perovskite based solar cells
have emerged as strong candidate for future photovoltaic devices due to their good
band gap tunability, longer diffusion length and high absorption in visible and
near-UV region. High quality hybrid halide films play a key role for high efficiency
perovskite solar cells as it could function as both light absorber and transporting
electronic charge carrier. Sequential deposition method to produce high-quality
perovskite film and characterization via SEM and UV-VIS spectroscopy has been
reported here.

64.1 Introduction

Organic inorganic halide of composition ABX3 (where, A is methylammonium or
formamidinium, B is Pb or Sn and X is from halogen group) is known as hybrid
perovskite material, which has been shown greater stability upon exposure to heat and
moisture and cost-effective at the same time therefore has gathered significant
attention of scientific community around globe. There are several advantages of
perovskite based solar cells: excellent tunable optical properties [1]; efficient charge
collection [2]; low exciton binding energy [3]; higher absorption coefficient [4]; and
long carrier diffusion lengths [5]; multiple organic and inorganic cation options with
multiple halides and such excellent properties promises a breakthrough for
next-generation solar cells. Perovskite solar cells have been growing rapidly since the
first report by Miyasaka et al. [6] who replaced dye in Dye Sensitized Solar Cell
(DSSC) with hybrid perovskite material and reported a PCE of 3.81%. Since then
power conversion efficiency of perovskite solar cells (PSCs) triggered a wave of
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research and as a result, the highest certified efficiency reported till date is 22.1% [7].
However, with this remarkable development made there are certain issues which need
to be addressed like hysteresis of current–voltage characteristics, thermal instability
of perovskite compound in ambient conditions of (under intense solar irradiation and
moisture), life time and decay in PCE in practical conditions. In perovskite based
solar cells, perovskite layer plays key role in the performance of solar cell. Efficiency
of the final device can be affected by the numerous factors, for e.g. type of perovskite,
method of deposition, solvent used and uniformity of perovskite layer etc.

The aim of the present study is to improve surface morphology with higher grain
size, uniformity and higher surface coverage in order to produce high-quality
perovskite film for high performance photovoltaic devices.

64.2 Method

Lead iodide (PbI2) solution was prepared by dissolving PbI2 in Dimethylformamide
(DMF) (450 mg/ml) followed by overnight stirring. The prepared solution was then
spin coated at room temperature (sample A) and elevated temperature of 100 °C
(sample B). Methylammonium iodide (MAI) layer was deposited from the solution
of MAI in 2-propanol (45 mg/ml) over both PbI2 layer by spin-coating at 900 rpm
for 120 s. Brown color film was obtained indicating the formation of CH3NH3PbI3.
The prepared films were characterized using UV-VIS spectroscopy (Shimadzu,
RF-2600) and scanning electron microscopy (Zeiss, EVO-18).

64.3 Results

Figure 64.1a, b shows the SEM images of sample A and B, respectively. Film
prepared at 100 °C shows higher uniformity as compare to the film deposited at
room temperature due to proper solvation of PbI2 in DMF at higher temperature.

Fig. 64.1 a Sample A (at 25 °C); b sample B (at 100 °C)
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Figure 64.2a, b represents the perovskite films prepared with sample A and B.
MAI deposition over non-uniform PbI2 layer results in discrete crystals of MAPbI3
whereas surface coverage is higher in case of MAPbI3 prepared with uniform PbI2
film. In previous literature, Zong et al. [8] reported that phase of the PbI2 is highly
dependent on temperature and can be tuned by varying the temperature.

In sequential deposition morphology is decided by the PbI2 layer. First PbI2
layer was settled at two different temperatures resulting in more uniform layer at
elevated temperature. Afterwards, when MAI layer was spin coated on the PbI2
layer, organic halide molecules intercalant in the framework of the PbI2 layer to
form final perovskite layer, according to the reaction given below [9].

PbI2 sð ÞþMAþ solð Þþ I� solð Þ ! MAPbI3 sð Þ ð64:1Þ

Uniformity of perovskite layer resulted better absorption and thus better device
performance. As shown in Fig. 64.3, perovskite film prepared with uniform PbI2

Fig. 64.2 Perovskite film a with sample A, b with sample B

Fig. 64.3 UV-visible spectra
of MAPbI3
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shows higher absorption in visible region as compare to perovskite film prepared
with non-uniform PbI2 which leads to more efficient solar cell.

64.4 Conclusions

The effect of temperature over the PbI2 layer was studied which showed that high
temperature treatment leads to more uniform film of PbI2. Also Perovskite layer
with improved uniformity was fabricated using sequential deposition method.
Uniform layer showed better absorption properties and thus can result in improved
device performance as compared to non-uniform film.
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Chapter 65
Studies on the PEDOT:PSS/n-Si Hybrid
Heterojunction Diode

Anil Kumar, Kurias K. Markose, Irfan M. Khorakiwala,
Bandana Singha, Pradeep R. Nair and Aldrin Antony

Abstract Organic materials as carrier selective layers are increasingly explored
towards low temperature solution processed Silicon based heterojunction solar
cells. In this regard, PEDOT:PSS (poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate) acts as a carrier selective layer for holes, by forming a barrier for the
electrons. Accordingly, here we investigate the passivation quality of PEDOT:PSS
over n-type c-Si wafer and report the initial results on such heterojunction solar
cells. The fabricated Ag/PEDOT:PSS/n-c-Si/n+/Al hybrid solar cell structure yiel-
ded an efficiency of 8.79%, thus indicating the viability of PEDOT:PSS as a carrier
selective hole extraction layer for Si based heterojunction solar cells.

65.1 Introduction

With the increased demand of power, the main aim of the photovoltaic research and
development is to increase the efficiency of the cells and decrease the cost per Watt.
Conventional crystalline Silicon solar cell require high temperature thermal diffu-
sion and metallization processes [1] and sophisticated instruments for fabrication,
while organic polymer based hybrid heterojunction solar cell on Silicon can be
fabricated by low temperature spin coating [2, 3]. In organic-Silicon heterojunction
solar cell, PEDOT:PSS acts as hole selective contact while Silicon is used as the

A. Kumar (&) � I. M. Khorakiwala � P. R. Nair
Department of Electrical Engineering, Indian Institute of Technology Bombay,
Powai, Mumbai 400076, Maharashtra, India
e-mail: anil211796@gmail.com

K. K. Markose
Department of Physics, Cochin University of Science and Technology,
Cochin 682022, Kerala, India

B. Singha � A. Antony (&)
Department of Energy Science and Engineering, Indian Institute of Technology
Bombay, Powai, Mumbai 400076, Maharashtra, India
e-mail: aldrinantony@gmail.com

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_65

423

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_65&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_65&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_65&amp;domain=pdf


absorbing material, and therefore has the potential to show efficiency close to that
achieved by conventional crystalline silicon solar cells.

65.2 Experimental

The passivation quality of PEDOT:PSS on silicon wafer has been studied by
studying the minority carrier lifetime using QSSPC (Quasi steady state
Photo-conductance) measurements using Sinton WCT-120 Photo-conductance
lifetime tester. Figure 65.1 shows the schematic structure for measuring the effec-
tive lifetime. PEDOT:PSS is spin coated on both the sides of the Silicon to pas-
sivate both the sides of the wafer. PEDOT:PSS/n-Si hybrid heterojunction devices
were fabricated using the low temperature spin coating of PEDOT:PSS over the 1–
5 Ω cm n-type CZ Silicon substrate at a rate of 1000 rpm for 50 s. After this spin
coating, the samples were annealed at 140 °C in nitrogen for 15 min. In the case of
solar cells structure, the PEDOT:PSS was coated over n-type c-Si wafers with n+
thermal diffusion on the rear side of the wafer which act as the back surface field.
Electrical contacts to the device to extract the carriers were made using e-beam
evaporation of Silver grid on the front side using a shadow mask and rear side n
+ was covered with Aluminum. The structure of the fabricated device is shown in
Fig. 65.2. The dark and lighted current-voltage (J-V) measurements were done
using the Sun 3000 solar simulator, ABETT Technologies.

Fig. 65.1 Schematic for
measurement of lifetime

Fig. 65.2 Schematic of
organic-silicon heterojunction
solar cell
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65.3 Results and Discussion

The effective lifetime of a sample is given by

1
seff

¼ 1
sbulk

þ Sfront
W

þ Sback
W

ð65:1Þ

where seff is the effective lifetime, sbulk is the bulk lifetime of the Silicon, Sfront and
Sback are the front and back surface recombination velocities and W is the width of
the wafer. For high quality wafer the first term on the right side is negligible and
effective lifetime is a function of front and back surface recombination velocities.
We have obtained an effective lifetime of 205 µs, which shows that the Silicon
passivation by PEDOT:PSS is reasonably good and can be useful for solar cell
applications. Dark J-V characteristic of the device is presented in Fig. 65.3. The
extracted values of the dark saturation current density and ideality factor are
4.9 � 10−7 A/cm2 and 2.47 respectively. The high ideality factor signifies that the
recombination generation current dominated in the device. It may be due to back
contact is having high defect density because of n+ diffusion and non ohmic Al
back contact. Improvement may also be needed in making better contact between
PEDOT:PSS and Silicon. Figure 65.4 shows the C-V characteristics of the cell. The
extracted built in voltage of the device from the C-V curve is 560 mV. The lighted
J-V characteristic of the solar cell is shown in Fig. 65.5. An open circuit voltage of
537 mV, short circuit current density of 26.6 mA/cm2 and a Fill Factor value of
61.6% have been achieved with non-textured substrate resulting in an efficiency of
8.8%. The low fill factor of the device may be because of the high series resistance
of the solar cell as can be seen by slope near the open circuit voltage. The
non-optimized grid pattern also has contributed to this increase in series resistance.

Fig. 65.3 Dark J-V
characteristics
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65.4 Conclusion

We have demonstrated n-Si/PEDOT:PSS solar cell with open circuit voltage of
537 mV, short circuit current density of 26.6 mA/cm2, and a fill factor of 61.6%
with an efficiency of 8.8%. Improvement in the device is needed in terms of the
passivation quality and reduction of the series resistance to further increase the
performance of the device.
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Fig. 65.4 C-V characteristics

Fig. 65.5 Illuminated J-V
characteristics of PEDOT:
PSS/n-Si/n+ solar cell
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Chapter 66
Enhancing Efficiency of PEDOT:PSS
Based Heterojunction Solar Cell
Through Ultra-Thin Oxide

Prashant Singh, Sanjay K. Srivastava,
Vandana and C. M. S. Rauthan

Abstract PEDOT:PSS based silicon organic heterojunction solar cells are fabri-
cated with a highest efficiency of 8.92%. It is found that a good quality, ultra-thin
oxide layer (*1–2 nm) over the substrate increases adhesion of polymer with the
silicon substrate which has positive effect on fill factor of the device. This ultra-thin
oxide layer led to an absolute increase of 1.86% in power conversion efficiency of the
device. This layer has marginal negative impact on open-circuit voltage of the device.

66.1 Introduction

Silicon organic heterojunction (SOH) based solar cells have gained attention due to
their ability to combine best of both organic and inorganic material systems. It uses
Si as base material and hence can theoretically achieve power conversion efficiency
(PCE) comparable to inorganic Si based solar cells. It avoids high temperature
diffusion process, which has negative effect over minority carrier lifetime, to fab-
ricate p-n junction by spin coating a highly conductive polymer PEDOT:PSS,
doped with suitable co-solvents such as dimethyl sulfoxide (DMSO) and ethylene
glycol (EG), at room temperature [1, 2].

66.2 Aim of the Study

This study seeks to improve fill factor of SOH based solar cell and hence fabricate a
reasonably good efficiency device and study its parameters.
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66.3 Methods

Phosphorus doped n-type (100) CZ Si wafers of thickness 375 ± 25 µm have been
used in the present study. Random micro-pyramids were fabricated on Si wafer
through conventional aqueous etching in potassium hydroxide (KOH) and
iso-propyl alcohol (IPA) solution at *80 °C for 60 min. This microstructure
brought down solar weighted reflection of Si from *37 to *12% in broad spectral
range. PEDOT:PSS (Clavios PH1000, 200 S/cm pristine conductivity), a hole
transport polymer, was mixed with IPA and DMSO in 9:9:2 ratio (v/v) and spin
coated onto microtextured Si substrate for 240 s at 800 rpm. IPA is added to
enhance its wettability on the Si substrate. Prior to spin coating Si substrate SOHII

was stripped of its native oxide through HF dip and treated with nitric acid (60%)
for 2 s. This led to growth of *1–2 nm SiO2 layer which helps in enhancing
adhesion of polymer layer over the substrate. SOHI was fabricated with native
oxide intact. The spun-coated substrate is given heat treatment at 100 °C for 30 s
under ambient condition to evaporate moisture from polymer film. Front electrode
is deposited using e-beam evaporation of Ag (*200 nm thickness) through a
shadow mask to form the front contact. In-Ga eutectic was applied at the rear side,
with the help of a painting brush, to form rear contact (cathode).

66.4 Results

Comparative illuminated and dark J-V characteristics of the device are shown in
Figs. 66.1 and 66.2 respectively. PEDOT:PSS has poor sticking quality over bare
Si substrate. Due to this often fill factor of the device is not good which pulls down
efficiency of the device. Addition of an ultra-thin layer of SiO2 enhances
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adhesiveness of the polymer. This lowers series resistance and increases fill factor
and power conversion efficiency of the device. In the present case addition of
ultra-thin oxide increased efficiency of the device by 1.86%, in absolute terms.

66.5 Conclusion

This study will help realization of low-cost and low pay back time solar cells.
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Chapter 67
Extraction of Recombination Rate
Constants Using Illumination Dependent
Voc of Perovskite Solar Cells

Vikas Nandal and Pradeep R. Nair

Abstract In this work, we introduce a scheme to extract rate coefficients by
comparing open circuit voltages obtained from detailed balance calculations and
numerical simulations of PIN based Perovskite solar cell at different illumination
intensity. We find that the extracted values of rate coefficients are in accordance
with the assumed input parameters. Our methodology can also be applicable to
other thin film carrier selective PIN devices.

67.1 Introduction

With the impressive gain in efficiency, organic-inorganic Perovskite materials have
attracted a lot of research focus in photovoltaics community [1]. Characterization of
such materials, in terms of recombination rate, is of prime interest for device
performance optimization. In literature, photoluminescence and transmittance
measurements on perovskite have been typically used to obtain rate constants such
as SRH carrier life time s, radiative coefficient B and Auger coefficient A [2].

Here, we explore the possibility of extracting such rate constants from illumi-
nation intensity (S) or generation rate (G) dependent open circuit voltage (Voc) of
Perovskite Solar Cell (PSC). For this, we perform (1) detailed balance calculations
(DBCs) and (2) detailed numerical simulations (DNS) of carrier selective PIN based
PSC to obtain Voc at different Illumination intensities (0.001–1000 Sun).
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67.2 Results and Discussions

For DBC, we use detailed balance theorem which states that the generation rate G is
equal to recombination rate R at Voc and, for intrinsic material, is given as:
G ¼ Dn

2s þBDn2 þ 2ADn3. Here Dn is the excess minority carrier concentration. By

definition, Voc is calculated by using: Voc ¼ 2kT
q log Dn

ni

� �
, where, kT

q is the thermal

voltage and ni is the intrinsic carrier concentration. Here we consider two cases of
rate constants: s;B;A ¼ ðaÞ 10 ls; 10�11 cm3=s; 10�28cm6=s (good quality film)
and (b) 1 ls; 10�11 cm3=s; 10�29cm6=s (comparatively bad quality film).

Depending on the illumination intensity, Dn is limited by either s;B or A and

proportional to Gs; G
B

� �0:5
or G

A

� �0:34
, respectively. Approximate values of rate

constants can thus be obtained from respective illumination intensity window. We
find that the quality of film and relative magnitude of rate constants determine the
illumination intensity window. The breadth of illumination intensity window
(shown in Fig. 67.1a, b) plays a significant role in determining good estimate for a
particular rate constant. For example, the probability of extraction A is more for
case (a) as compared to case (b) at the high range of illumination intensity.

For DNS, we consider perovskite (with band gap Eg ¼ 1:55 eV and thickness
lac ¼ 300 nm) as the intrinsic active layer (AL) and is sandwiched between heavily
doped hole and electron transport layers (HTL and ETL). Energy level alignment of
different layers (see inset of Fig. 67.2a) suggest that the dark current is limited by
recombination of injected charge carriers inside AL. Charge carriers recombination
inside AL is modeled by SRH (characterized by s), Radiative (B) and Auger (A)
processes. Further, we consider uniform generation rate of charge carriers G across

Fig. 67.1 a, b Variation of Dn with illumination intensity for different values of rate constants.
Rate constant values are associated with each dotted line with respective color. Dotted and solid
line represents contribution from individual component (blue-trap assisted, red-radiative and blue
color-auger term) and net recombination rate, respectively

434 V. Nandal and P. R. Nair



active layer thickness. Modeled device is then discretized into 2-D and
self-consistent solution of Poisson’s, drift-diffusion and continuity equations is
achieved at each node to obtain lighted current voltage (IV) characteristics.

We extract Voc from illuminated IV characteristics at different illumination
intensities and obtain rate constants by doing piecewise fit of DBC in respective
illumination window (as shown in Fig. 67.2). We find that the back extracted values
of s and B, obtained from the low and medium range of illumination intensity,
matches well with the assumed input parameters. Approximate values of A can be
obtained from illumination window at high intensities for large auger recombina-
tion. However, the extraction of A for low auger recombination can be non-trivial
because it may require large illumination intensity—a regime where other physical
mechanisms might play an important role due to possible heating effects.

67.3 Conclusion

Through detailed balance calculations and numerical simulations, we obtain
illumination dependent Voc of PSC and hence extract recombination rate coeffi-
cients by doing piecewise fit of calculated on simulated values of Voc. The extracted
values of s and B are in close agreement with the input. However, extraction of A
may require large illumination intensity and can be non-trivial task for low values
of A.

Fig. 67.2 a, b Piecewise fit of calculated (black solid line) on simulated (symbols) values of Voc

for two different cases i.e. a good quality film with large auger recombination and b comparatively
bad quality film with small auger recombination rate. Inset of (a) shows the energy level alignment
of different layers used to model PIN based Perovskite solar cell. We find that the extraction of A in
the specified range of illumination intensities is not possible for low auger recombination as the
Voc is limited by s or B
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Chapter 68
Cell Efficiency Enhancement
in Industrial Monocrystalline Silicon
Solar Cells Using New Low-Cost
Chemical Passivation Process

Tarun S. Yadav, K. Sandeep, Ashok K. Sharma,
P. Pradeep, K. L. Narasimhan, B. M. Arora,
Anil Kottantharayil and Prabir K. Basu

Abstract In this work, we report a low-cost, industrially viable chemical oxidation
process (named as NCPRE-oxide process) using sodium hypochlorite (NaOCl)
solution applicable to 5-inch pseudo-square monocrystalline silicon Al-BSF solar
cells. Introduction of this new ultrathin oxide layer in between silicon nitride layer
and silicon shows the improvement in the open circuit voltage and thereby the
efficiency of solar cells.

68.1 Introduction

Economical approach for fabrication of high-efficiency crystalline silicon (c-Si)
solar cells is always a key research area in PV. Surface passivation is a crucial
process step responsible for carrier management in solar cells. Passivation can
reduce the carrier recombination loss by saturating the dangling bonds existing at Si
surface. Hydrogenated amorphous silicon nitride (SiNx:H) is a standard approach to
passivate the n+ surface in conventional Al-BSF c-Si solar cells. Although ther-
mally grown SiO2 layer is an excellent surface passivation layer of Si [1], it is not
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industrially viable due to low throughput and high cost. However, thin SiOx layer
between the SiNx:H and c-Si provides good passivation in high-efficiency solar
cells [1, 2]. Various approaches have been reported for the growth of uniform thin
SiOx layer for passivation such as thermal oxidation at 600 °C [3], Nitric acid at
121 °C [4] and UV-ozone methods [5, 6] etc. These processes require stringent
process conditions and costly tools. Recently, we developed a unique low-cost,
low-temperature passivation process based on single chemical sodium hypochlorite
(NaOCl) for passivation of Si surface [7].

In this work, we investigated the solar cell performance by introducing the
NCPRE-oxide layer for the industrial application.

68.2 Experimental

Solar cells were fabricated on as-cut pseudo-square (125 mm � 125 mm), Cz,
p-type (boron doped), industrial grade monocrystalline silicon (c-Si) wafers (bulk
resistivity of 2 Ω-cm, 180 µm thickness, and (100) surface orientation) [7]. After
alkaline texturing [7, 8], all the wafers had undergone phosphorous diffusion in a
tube diffusion furnace followed by phosphosilicate glass (PSG) removal step. Then,
the wafers were split into two groups: group ‘1’ and group ‘2’. The group ‘1’ (SiNx:
H/Si stack) underwent SiNx:H layer deposition by plasma-enhanced chemical
vapour deposition (PECVD) process. The deposited SiNx:H film has a refractive
index (RI) of 2.00 (at 632.8 nm) and thickness of 95 nm as measured on a test
sample of polished Si wafer. While, group ‘2’ (SiNx:H/SiOx/Si stack) treated with
hot NaOCl solution (40 °C) for five minutes to grow ultra-thin silicon oxide (SiOx)
[7]. The measured thickness of grown SiOx was*1.7 nm [7]. Then, similar SiNx:H
layer deposition process was performed on these wafers. After dielectric deposition,
all the wafers from both the groups underwent plasma edge isolation, screen printed
metallization and co-firing.

Thickness and RI were measured on the polished sample using spectroscopic
ellipsometer. The illuminated current–voltage (I–V) characteristics of the solar cells
were measured under STC with class AAA solar simulator. Photoluminescence
(PL) imaging was performed on finished solar cells with a customised PL setup at
the wavelength (k) of 630 nm.

68.3 Results and Discussion

The details of chemical reaction, SiOx layer composition and improvement in
surface passivation using NCPRE-oxide on both p-type and an n-type Si surface is
reported in our earlier work [7].

Average cell efficiency (η), open circuit voltage (VOC), current density (JSC) and
fill factor (FF) of both the group are shown in Fig. 68.1a. There is an absolute
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enhancement of Voc and η by*4 mV and*0.3% of group ‘2’ over group ‘1’ cells,
respectively. Small improvements were also observed in the JSC and FF.
Figure 68.1b shows illuminated I–V characteristics of representative cells from both
groups (Fig. 68.1a).

Fig. 68.1 a Comparison of average electrical parameters (efficiency, VOC, JSC and FF) of group
‘1’ (SiNx:H/Si stack) and group ‘2’ (SiNx:H/SiOx/Si stack) cells; b illuminated IV characteristics
and performance parameters (in inset) of representative cells from group ‘1’ and group ‘2’

Fig. 68.2 Photoluminescence (PL) images of best cells from a SiNx:H/Si stack (group ‘1’);
b SiNx:H/SiOx (NCPRE-oxide)/Si stack (group ‘2’)
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Figure 68.2a, b shows the photoluminescence (PL) image of representative solar
cells from both groups. Homogeneous PL intensity almost all over the cell area was
observed for both group cells. Group ‘2’ solar cell shows almost 1.5 k higher PL
counts (intensity) than group ‘1’ as shown in Fig. 68.2b, a, respectively. Higher PL
count further confirms the relative improvement in open circuit voltage of group ‘2’
cell in comparison to group ‘1’ cell.

In our process, we have used 6 L of NaOCl solution for 25 wafers in a batch and
that cost us 4.4 US cents/wafer. However, this solution can be reused for further
processing. So, the overall cost will be reduced drastically if bulk processing is
done at industrial scale.

68.4 Conclusion

NaOCl based ultra-thin NCPRE-oxide layer is introduced in solar cell fabrication.
The absolute enhancement in Voc and η by *4 mV and *0.3% is observed
respectively. The result establishes the viability of our new low-cost chemical
oxidation process on the industrial cells.
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Chapter 69
Transport Properties of La0.7Sr0.3MnO3/
NSTO and La0.7Sr0.3MnO3/ZnO
Perovskite Solar Cells

Sonu Bishnoi and Saurabh Kumar Pandey

Abstract A comprehensive numerical analysis for a Lead- free perovskite solar
cell has been carried out using device simulation software. Enumerated study of two
types of configurations La0.7Sr0.3MnO3/ZnO (LSMO/ZnO) and La0.7Sr0.3MnO3/
Nb–SrTiO3 (LSMO/NSTO) are simulated which gives power conversion efficiency
(PCE) of 6.78 and 0.47% after optimizing different parameters using SCAPS-1D
numerical simulation. Bandgap analysis of LSMO/NSTO shows 35 and 65% dis-
continuity in the conduction band and valence band, which directly affect in the
collection of charge carriers. While LSMO/ZnO configuration has continuity in the
energy bands so large number of carriers collected as compared to NSTO buffer
layer and it also leads to higher PCE. Buffer layer thickness optimization is also
carried out.

69.1 Introduction and Cell Structure

Perovskites are the most emerging materials in solar cell nowadays most commonly
organometal halide Ch3Nh3PbBr3 [1, 2] but these are limited due to toxicity [3] and
less stability at room temperature [4]. In this paper, we propose a nontoxic material
La0.7Sr0.3MnO3 (LSMO) [5, 6] an absorber layer and ZnO [7] or Nb-doped NSTO
[8] as a buffer layer.

As the majority of charge carriers in LSMO are holes [9] so it is selected as an
absorber layer and for the buffer layer of heterostructure a material has to be chosen
such that it can form a junction with the absorber layer providing minimum losses.
To satisfy these condition, n-type material which has a comparable lattice constant
as LSMO, selected so that stain caused by lattice mismatch can be ignored. To

S. Bishnoi (&) � S. K. Pandey
Sensor and Optoelectronics Research Group (SORG), Electrical Engineering Department,
Indian Institute of Technology Patna, Bihar 801103, India
e-mail: sonu.pee16@iitp.ac.in

S. K. Pandey
e-mail: saurabh@iitp.ac.in

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_69

441

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_69&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_69&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_69&amp;domain=pdf


remove the absorption losses wider band gap materials Nb-doped Strontium Tin
oxide (NSTO) and Zinc oxide (ZnO) have been selected as a buffer layer. Two
types of solar cells are designed and its performance is analyzed with energy band
diagram. A planer structure of Pb-free perovskite solar cell (PSC) with LSMO/
NSTO and LSMO/ZnO configuration is shown in Fig. 69.1a, b respectively.

69.2 Numerical Simulations

Numerical simulations help to understand certain device properties and processes,
to realize the optimized cell structure. The device is analyzed with the SCAPS-1D
(solar cell capacitance simulator) version 3.3.03 simulation software [10].

Two cell structures have been simulated. Optimum simulation parameters used
in different layers [11–13]. For each structure optimized testing conditions such as
temperature 300 K, light source 1.5 AM at the power of 100 mW/m2, 3 µm
absorber layer thickness and same back and contact layer have been used.

69.3 Results and Discussions

69.3.1 Band Diagram Analysis

A typical LSMO (3 µm) cell consists of ZnO (0.5 µm) and NSTO (0.5 µm) buffer
layers. The schematic energy-band diagram under equilibrium condition for LSMO/
NSTO and LSMO/ZnO solar cells with a uniform band-gap profiles are illustrated
in Fig. 69.2. Under equilibrium condition, both p and n semiconductors have to
save Fermi level, which shows that Fermi level is independent of the position [14]
i.e.

JDrift þ JDiffusion ¼ 0 at equilibrium or
dEf

dx
¼ 0

Fig. 69.1 Device architecture using LSMO as an absorber layer and a NSTO, b ZnO as a buffer
layer
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Under illumination of light, due to excess holes (∇p) and electrons (∇n) gen-
eration, change in carrier concentration separate the Fermi levels of p and n
semiconductors.

In LSMO/NSTO configuration we have an inbuilt potential variation which is
not continuous, we have 35 and 65% difference in their Ec and Ev respectively so
band gap discontinuity of 0.78 eV and 1.46 eV occurs respectively in conduction
band ∇Ec and valence band ∇Ev, and it blocks the flow of carriers. While transition,
electron behaves such as air bubbles and holes such as water flow [15]. Electron in
p- LSMO found a barrier of 0.78 eV so they can’t jump from LSMO to NSTO but
there will be some holes which will move up and flow a minute current, it may also
flow due to tunnelling of carriers [16].

Here LSMO/ZnO configuration also shows a constant Fermi level under equi-
librium, under illumination the Fermi level separates and move upward from the
equilibrium condition. ZnO behaves as highly doped semiconductor so large
number of the electron will be available for transition and LSMO behaves as lightly
doped semiconductor so it may have both types of carrier concentration. In this
analogy, a large number of electrons can flow from active region to ZnO but
respectively a few holes to the LSMO [17].

69.3.2 Power Conversion Efficiency Analysis of Solar Cells

In this section, J-V characteristics of two multilayer structures LSMO (3 µm)/
NSTO (0.5 µm) and LSMO (3 µm)/ZnO (0.5 µm) have been simulated as depicted
in Fig. 69.3. Both configurations have rectifying characteristics in dark. As light
illuminated on the buffer layer it shows a change in current density due to excess
charge carriers generated by photons so it can be inferred that LSMO/NSTO and
LSMO/ZnO heterostructure work as a solar cell.

Fig. 69.2 Energy-band diagram of a typical a LSMO/NSTO and b LSMO/ZnO solar cell under
an equilibrium condition
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LSMO/NSTO has only 0.47% PCE, may because of the large discontinuity at
the interface hence a few charge carriers cross/tunnel through the barrier; where
LSMO/ZnO heterostructure has 6.78% PCE due to continuity at valence band [18]
and the conduction band. It also shows that short-circuit current in LSMO/ZnO is
approximately 10% higher then LSMO/NSTO. This indicates enhanced separation
and collection of photogenerated charge carriers in LSMO/ZnO. Whereas in
LSMO/NSTO thin depletion region is formed but comparatively it has a poor
collection of charge carriers because it may have a lot of Oxygen vacancy at the
interface [19].

69.3.3 Impact of Buffer Layer Thickness on Voc and Jsc

From Fig. 69.4 it can be also analyzed that both configurations follow a decreasing
trend in Voc and Jsc due to photon losses [20] with enhancement in the buffer layer
thickness. As the buffer layer thickness increases, most of the incident photons will
be absorbed by buffer layer and thus a few photons manage to reach the absorber
layer as compared to thicker layer that contributes to the quantum efficiency of the
device such that device performance decreases [21].

From the result, it can be concluded that minimal thickness of NSTO and ZnO
have higher performance but the too thin film may contribute to leakage current.
From the above, optimized buffer layer thickness is taken as 0.5 µm.

Fig. 69.3 J/V characteristic for a LSMO/NSTO and b LSMO/ZnO heterostructure for AM 1.5
illumination (inset in dark)
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69.4 Conclusion

This paper presents the device modeling and energy band profile analysis for
lead-free perovskite solar cell. We have analyzed that in LSMO/NSTO configu-
ration carriers can’t collect at the respective sides due to large band gap disconti-
nuity. Because of a few carrier collections, PCE is only 0.47% and on the other
hand, LSMO/ZnO has 6.78% PCE due to smooth band edges profile. This study has
revealed the dependence of solar cell characteristics on the buffer layer, the dis-
continuity at the interface which affects the performance of perovskite solar cell.
Buffer layer thickness study shows that the optimum buffer layer thickness is
0.5 µm for 1.4 eV band gap of the absorber layer at room temperature for a
defect-free layer.
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Chapter 70
Optical Properties of Fe Based
Perovskite and Oxygen Deficient
Perovskite Structured Compounds:
A Comparison

Vavilapalli Durga Sankar and Shubra Singh

Abstract In this work we synthesize BiFeO3 and KBiFe2O5 compounds by
chemical route and analyze the bandgap reduction in KBiFe2O5. When alternate
layers of corner sharing FeO6 octahedra in BiFeO3 is replaced with FeO4 tetrahedra
by introducing [(K,Bi)O2] blocks into the perovskite structure, the structure mod-
ifies to brownmillerite structure. An increase in covalency and lower bond lengths
of Fe–O bonds in FeO4 tetrahedra as compared to FeO6 octahedra leads to bandgap
narrowing in KBiFe2O5. The morphological, structural and optical properties of
KBiFe2O5 and BiFeO3 are investigated by Scanning electron microscope, X-ray
diffraction and UV-visible spectroscope respectively.

70.1 Introduction

Bandgap tailoring for energy application drags enormous attention in the field of
materials science. Solar energy harvesting materials should have broad absorption
in visible region to utilize maximum solar energy for efficient operations. KBiFe2O5

(KBFO) is a new brownmillerite structured multiferroic compound, which has
received considerable attention for next generation photovoltaic applications [1].
The multifunctionality of multiferroics, including KBFO, with potential coupling
between ferroelectric and magnetic order parameters and narrow band gaps
*1.59 eV makes them ideal for application as photovoltaic compounds [2]. The
large absorption coefficient is attributed to the influence of magnetic ordering
related to electron to electron interaction [3]. As compared to conventional per-
ovskite multiferroics like BiFeO3 (BFO), Brownmillerite structured multiferroics
are oxygen deficient perovskites having narrow bandgaps. The structure of BFO
consists of FeO6 corner sharing octahedra. In KBFO, FeO4 tetrahedrons occupy the
corners. These tetrahedral compounds are intrinsically polar due to lack of inversion
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symmetry [1, 3]. Since KBiFe2O5 is a more recent opto-ferroic compound, it’s
worth carrying out experimental investigations on its optical properties and com-
pare them with those of BFO. In this work we have synthesized KBFO and BFO by
chemical route and analyzed the bandgap reduction in KBFO by UV-visible
spectroscopic studies.

70.2 Experimental Details

High pure chemicals of (Bi(NO3)3 � 5H2O) and (Fe(NO3)3 � 9H2O and KNO3 were
dissolved in distilled water in stoichiometric ratios. Few drops of Nitric acid were
added to get a clear solution. Later Citric acid was added along with vigorous
stirring. The solution was first dried around 100 °C to obtain the gel and then dried
and annealed at 700 °C for 6 h to obtain the KBiFe2O5 phase. BiFeO3 was also
synthesized by the chemical route. In this synthesis process, (Bi(NO3)3 � 5H2O) and
(Fe(NO3)3 � 9H2O) are taken as starting precursors in equal molar ratio and dis-
solved in DI water. Few drops of Nitric acid were added to get a clear solution.
Later Citric acid was added along with vigorous stirring. The solution was dried at
80 °C to obtain the gel and finally dried and annealed at 550 °C for 2 h to obtain
the BiFeO3 phase. Bruker Smart powder X-ray diffraction system with CuKa
wavelength (k = 1.5418 Å) was used for structural analysis. UV-visible spec-
trometer was used for recording the optical absorbance of as synthesized samples.
The morphology of samples was examined by the FESEM.

70.3 Results and Discussion

Figure 70.1a, b shows the X-ray diffraction pattern of BiFeO3 and KBiFe2O5. The
crystal structure of KBFO matches well with monoclinic structure having lattice
parameters a = 7.868 Å, b = 5.5.978 Å and c = 5.722 Å with P2c spacegroup [4].
The crystal structure of BFO matches well with rhombohedral structure having R3c
spacegroup lattice parameters of a = 5.597 Å, b = 5.897 Å and c = 13.935 Å. The
(110) peak in XRD pattern of KBFO belongs to the characteristic brownmillerite
peak [5].

Scanning electron microscope (SEM) images in Fig. 70.2a, b reveal a rectan-
gular rod like morphology for KBFO with large grain size and sphere like mor-
phology for BFO with much smaller grains and an average grain size of 150 nm.

Optical properties of as synthesized samples were recorded using UV-visible
spectroscopy revealing a broad absorption spectra for KBFO when compared to
BFO Fig. 70.3. Tauc plots for corresponding UV-visible absorbance data of BFO
and KBFO reveal the bandgap for BFO and KBFO to be *2.1 and 1.67 eV
respectively, as shown in inset of Fig. 70.3a, b. The regular perovskite structure of
BiFeO3 constitutes FeO6 octahedra only, whereas the brownmillerite KBFO
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Fig. 70.1 Simulated X-ray diffraction patterns and experimental XRD patterns of a BiFeO3,
b KBiFe2O5 samples

Fig. 70.2 SEM images of as synthesized a BiFeO3, b KBiFe2O5
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possesses FeO4 tetrahedra along with FeO6 octahedra. The lower Fe–O bond lengths
and higher covalency in FeO4 tetrahedra as compared to Fe–O bonds in FeO6

octahedra is responsible for bandgap narrowing in brownmillerite KBFO [4, 6, 7].

70.4 Conclusion

Perovskite structured BiFeO3 and oxygen deficient perovskite (Brownmillerite)
KBiFeO5 compounds have been synthesized successfully using chemical route. The
band gap values of the samples have been compared along with the structural
property using UV-visible spectroscopy and XRD respectively.
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Chapter 71
HgCdTe Epitaxial Layer Surface
Treatment Using Ammonium Sulfide
Before Passivation

Rachna Manchanda, Varun Sharma, Chanchal, V. K. Singh,
Anshu Goyal, Vanya Srivastava, Ajay Kumar Saini, Nilima Singh,
Raghvendra Sahai Saxena, R. Raman, Meenakshi Srivastav,
Sudha Gupta, Ashok K. Kapoor and R. K. Sharma

Abstract In this work we report the surface analysis of polished p-type Hg1
−xCdxTe (x * 0.3) epitaxial layer treated with ammonium sulfide solution (20%)
for five minutes at room temperature using X-ray Photoelectron spectroscopy
(XPS). XPS analysis shows sulphide signature in substantial quantity and is bonded
to Cd or Hg. Quantitative estimation of sulphur by fractional coverage on the
Mercury Cadmium Telluride (MCT) surface revealed 60% coverage of Hg1−xCdxTe
surface by sulphur atoms. It is also observed that sulphur in elemental or oxide form
is not present on the surface. The process of sulfidation results in the removal of
native oxides from the Hg1−xCdxTe surface through the formation of Hg–S and Cd–
S bonds as revealed during XPS studies. These bonds might act as barrier against
native oxide formation when ammonium sulfide treated Hg1−xCdxTe surface is
exposed to air. We further studied the effect of sulfidation on the MIS device
structure fabricated using the ammonium sulfide treated Hg1−xCdxTe epitaxial layer
surface with CdTe/ZnS as the passivant. The Hg1−xCdxTe—passivant interface was
analyzed using C–V measurements at 77 K. To evaluate the Hg1−xCdxTe—passi-
vant interface of the Hg1−xCdxTe surface treated with ammonium sulfide the
interfacial charge were examined by fabricating a MIS structure. CdTe/ZnS layer
was deposited by thermal evaporation on two polished Hg1−xCdxTe epitaxial layers
with one of the layer surface treated with ammonium sulfide before CdTe/ZnS
deposition. The capacitance voltage (C–V) measurement of MIS structures were
carried out at 77 K and measured at a frequency of 1 MHz. A comparison of
ammonium sulfide treated MIS structure shows near flat band conditions with
Qss * 2.4 � 1010 cm−2. The density of interface traps observed is
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Dit * 1010 cm−2 eV−1 which is one order of magnitude lower than that observed
for untreated MIS structures.

71.1 Introduction

Hg1−xCdxTe being a tunable bandgap semiconductor is the most important material
for the fabrication of high quality IR detectors. The as grown annealed Hg1−xCdxTe
epitaxial layer has inherent defects such as dislocations, microtwins and voids etc.
Preparation of stoichiometeric surface of Hg1−xCdxTe epitaxial layers is the most
critical step before device fabrication process and has been analysed in the past
using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. It is well
reported that surface preparation of Hg1−xCdxTe epitaxial layers using bromine
based chemical etching leads to preferential etching [1] of constituents and accu-
mulation of tellurium at the surface because of different bond energy between Hg–
Te and Cd–Te bonds. It is further followed by a few angstrom of TeO2 on the
surface due to air exposure and has been the issue of concern as the performance of
Hg1−xCdxTe based detectors is strongly influenced by elemental Te rich surface
which results into high surface recombination velocity of minority carriers which
leads to increase in surface trap density and hence decreases the zero bias dynamic
resistance of diode. The relative etch rates were observed as Cd > Hg > Te.
However XPS measurements also revealed that chemo mechanical polishing
(CMP) have shown smooth surfaces with no significant accumulation of tellurium if
a balance of chemical etching and mechanical lapping is achieved with an addi-
tional precaution of quick quenching after CMP.

Recently iodine based solutions have been found more promising than the
bromine based solution in terms of better surface stoichiometery and a low etch
rate. The composition of iodine based solution is iodine: potassium iodide and
ethylene glycol in the ratio of 1:4:10 which is referred as mother solution. The
solution is further diluted with ethylene glycol for the required etch rate of Hg1
−xCdxTe epitaxial layer. It has also been reported [2] that slightly basic solution
having a pH * 8.5 provides optimal surface morphology which is maintained
constant during etching by adding few drops of KOH. It has also been observed that
there was no edge rounding of samples polished with iodine based solution as
observed with bromine based polishing solution. However in addition to surface
morphology it is desirable to prepare a surface free of oxide as this oxide degrades
the performance of Hg1−xCdxTe-passivant interface by increasing the interface
trapped density and high density of fixed traps which are usually responsible of
excess dark currents and high noise level of Hg1−xCdxTe based photodiodes. In
view of this after iodine based polishing the epitaxial layer surface after free etch
was treated with ammonium sulfide solution for 5 min. The appropriate surface
preparation is thus required and is therefore very important for deposition of good
quality zinc sulphide (ZnS) passivation of Hg1−xCdxTe.
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71.2 Experimental

p-type Hg1−xCdxTe epitaxial (x * 0.3) layers grown in house using Vertical dip-
ping Liquid Phase Epitaxy (VDLPE) on a lattice matched CZT substrate were used
in this study. The epitaxial layer surface was initially prepared by polishing using
alumina powder followed by chemomechanical polishing in KI based solution.
After polishing, epitaxial layers were cleaned with a surfactant followed by thor-
ough rinsing in deionized water and then dried using high purity nitrogen gas. The
Hg1−xCdxTe epitaxial layer was cut in three pieces namely sample A, B and C.
Sample B was used for evaluating the Hg1−xCdxTe epitaxial layer surface treated
with (NH4)2S and sample C was used to fabricate and characterize the MIS
structure with the layer surface treated with (NH4)2S and sample A was used as a
comparison for the untreated surface. The layer surface was characterized using
XPS measurements performed on Omicron’s mutitechnique surface analysis sys-
tem. XPS spectra were acquired using the monochromatic Al Ka X-ray source
having photon energy of 1486.7 eV and a hemisphereical electron energy analyzer
EA 125 working at a pass energy of 10 eV. Binding energy was calibrated using
adventitious carbon at 284.8 eV. Samples were grounded using two metal clamps
holding it from the surface so that the sample and the instrument remain at equi-
librium level.

After final polishing with KI based solution sample A, B and C were free etched
in a 0.5% Br2-Methanol solution to remove any damages created due to CMP. The
samples B and sample C were then further treated with Ammonium sulfide solution
(20%) for 5 minutes and XPS studies were carried out on sample B (the epitaxial
layer surface treated with Ammonium sulfide). The sample B was dried with
nitrogen gun after treatment with (NH4)2S and was loaded in the vacuum chamber
of XPS system immediately. Similarly after drying the sample C it was subjected to
CdTe/ZnS passivation for fabricating the MIS device structure on the Hg1−xCdxTe
layer surface treated with (NH4)2S. The sample A was taken as a reference for both
evaluation of surface layer viz. XPS studies and for evaluation of the MIS device
performance.

71.3 Results and Discussion

We first discuss the effect of surface stoichiometery of Hg1−xCdxTe epitaxial layer
treated with ammonium sulfide for five minutes at room temperature. For the
surface analysis studies we refer to sample A and sample B. Figure 71.1a, b show
XPS of as grown KI polished Hg1−xCdxTe grown by LPE and KI polished Hg1
−xCdxTe epitaxial layer surface treated with (NH4)2S respectively.

The comparison of Fig. 71.1a, b (sample B) shows the change in the Te
chemical state on the as grown Hg1−xCdxTe surface after treating with aqueous
ammonium disulfide. To understand the effect of sulfidation, the presence of
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elemental Te has been differentiated from the Te bound to Hg1−xCdxTe lattice in the
peak deconvolution. Tellurium oxide appears at a well distinctive peak at a higher
BE (576 eV) w.r.t larger photoelectron peak which is due to Te bonded to Hg1
−xCdxTe lattice. The integrated area associated with the peak at 576 eV is the
measure of the concentration of oxide present on the Hg1−xCdxTe surface. So by
normalizing it with the peak of Te bound to Hg1−xCdxTe lattice the relative changes
in the oxide concentration can be qualitatively analyzed. The comparison of sample
A and B shows the reduction in tellurium oxide concentration after the as grown
sample was treated with aqueous ammonium disulfide.

Figure 71.2a, b shows the comparison of the changes in the sulphur concen-
tration and its chemical state on Hg1−xCdxTe surface. It is observed that no sulphur
was present on the as grown sample A but can be seen in substantial quantity in
sample B. The binding energy of sulphur in detailed spectra correlates its bonding
to Cd or Hg according to the published literature [3, 4].
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The absence of any additional features in the detailed spectra also proved that
there is no elemental sulphur and its oxide [5, 6] in larger concentration. Also it is
difficult to establish the presence of sulphur oxide in smaller concentration due to
overlapping of small Te(4s) peak at the same binding energy position.

The quantitative estimation of sulfur passivation was done by calculating the
fractional coverage (0–1) on the MCT surface [7]. Aqueous ammonium di sulfide
treatment for 5 minutes resulted in 60% coverage of MCT surface by sulfur atoms
as compared to the untreated MCT surface as evident from Fig. 71.3.

Figure 71.4 shows O(1s) chemical state of as grown and ammonium di sulphide
treated Hg1−xCdxTe surfaces. The O(1s) spectrum of as-grown surface, consists of a
broad peak with the convolution of two peaks at B.E. positions of 530.4 and
531.8 eV shown by dotted lines. The peak at higher BE is due to the adsorbed
oxygen from the atmosphere and the other peak at lower BE is attributed to oxygen
bounded to Te, Cd or Hg [8–11].

The peak shows the oxygen chemical state of ammonium di sulphide treated
surface does not contain signature of oxygen bonding to either Te, Cd or Hg within
the detectivity limit and only a peak related to adsorb oxygen in sample B.

We further discuss the effect of sulfidation on Hg1−xCdxTe passivant interface
using C–V measurents and its analysis. Figure 71.5 shows Capacitance–Voltage
(C–V) characteristics of sample C, shift in VFB is very close to near flat band
condition which corresponds to the fixed charge density of 0.5 − 1 � 1010 cm−2.
Hence, fixed charge density is reduced by an order of magnitude after an additional
step of (NH4)2S treatment which was measured to be 2.3 � 1011 cm−2 for the
untreated sample A. Eventually the chemically polished surface of Hg1−xCdxTe is
slightly damaged and inevitably contains high density of defects which generate
high density of positive fixed charges by trapping positive ions and holes at these
defect sites. The chemically polished surface can also get oxidized due a certain
time delay between the process of polishing, cleaning, drying and soaking in
aqueous (NH4)2S solution. This leads to a stretched out C–V curve of the sample A,
which was not given a (NH4)2S treatment before loading it for ZnS passivation. The
improvement in fixed charge density for sample C can be explained by the fact that
free etch in bromine methanol solution removes *0.5 µm of the top oxidized and
damaged surface layer, thereby removing the oxides and reducing the trapping sites
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to some extent. Surface treatment by (NH4)2S treatment further prevents the oxide
layer formation at Hg1−xCdxTe surface by satisfying dangling bonds by the for-
mation of CdS and HgS as discussed in the XPS analysis above. Since HgS are
easily dissolved in the alkaline sulphide solution the layer formed at the Hg1
−xCdxTe surface is mainly consists of CdS compound. Therefore lower fixed charge
density can be attributed to the preferential growth of CdS layer which is more
stable and homogeneous in nature compared to oxide layer. Figure 71.6 shows the
estimated energy distribution of Dit within the bandgap of HgCdTe for Sample C.
Energy distribution of Dit follows a U shaped pattern with minimum value at
E * 0.10 eV. The minimum interface trap density is found to be *1010 cm−2

ev−1 at E = 0.10 eV which is one order of magnitude lower than that observed for
untreated MIS structures.
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71.4 Conclusion

The KI polished Hg1−xCdxTe epitaxial layer surface treated with (NH4)2S were
studied in details using XPS and further the Effect of (NH4)2S treatment on elec-
trical properties of HgCdTe- CdTe/ZnS surface was studied. It was observed that
after (NH4)2S treatment of HgCdTe epitaxial layer surface, the process of sulfi-
dation results in removal of native oxides as observed in XPS analysis and the
density of interface trapped charges present at the MCT—passivant interface are
reduced by an order of magnitude.
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Chapter 72
Studies on n-Type a-Si:H
and the Influence of ITO Deposition
Process on Silicon Heterojunction Solar
Cells

Irfan M. Khorakiwala, Kurias K. Markose, Anil Kumar,
Nithin Chatterji, Pradeep Nair and Aldrin Antony

Abstract The process parameters and the properties of each layer of n-type a-Si:H/
c-Si heterojunction solar cell is discussed. The n-type a-Si:H was deposited by rf
PECVD by varying the gas mixture ratios, and the activation energy was estimated
form the temperature dependent conductivity measurements. We have found that
sputtering of ITO damages the interface passivation of a-Si:H/c-Si and a post
deposition annealing was necessary to regain the life time. Silicon heterojunction
solar cell with laser fired rear contacts has been fabricated showing an implied VOC

of 670 mV.

72.1 Introduction

Silicon heterojunction solar cells (SHJ) have reached photo conversion efficiencies
over 26% [1] with the interdigitated back contact configuration, which reduces
optical shading. The main advantages of silicon heterojunction solar cells over
monocrystalline silicon technology is its potential to have high open circuit voltage
(above 700 mV), low thermal budget and the spatial isolation of the recombination
prone metal contacts from the c-Si/a-Si:H interface with the help of a few
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nanometre thick intrinsic a-Si:H. The intrinsic hydrogenated amorphous silicon
layer gives very good surface passivation, owing to reduction of surface dangling
bond density at the hetero-interface by hydrogen atoms. To reach high efficiencies,
each layer has to be optimized appropriately. The intrinsic passivating layer must be
as thin as possible to avoid resistive and absorption losses but also should be thick
enough to give good passivation. Same is true for the optimization of doped a-Si:H
layers. Intrinsic a-Si:H layers can be easily doped by introducing appropriate pre-
cursor gasses in the chamber along with silane (SiH4) and hydrogen (H2).
Hydrogenation also helps in incorporating the dopants with more ease into the
amorphous silicon matrix. Deposition parameters [2] like pressure, relative con-
centration of precursor gases, temperature and RF power coupled to the target play
a major role in determining the grown film quality.

Transparent conducting oxides (TCO) are generally deposited before making
metallic contacts on the solar cells, to reduce series resistance induced by lateral
movement of charge carriers through the doped a-Si:H layer when the TCO is not
present. The conducting oxides should be highly transparent so that there is min-
imal optical absorption losses. TCO should have high conductivity but not high
enough as free carrier absorption in the near infrared region of the solar spectrum
increases with increase in TCO carrier concentration. For the silicon heterojunction
solar cell as shown in Fig. 72.3a, an 80 nm thick ITO layer is used as the front TCO
contact. The distance between substrate to ITO target, deposition pressure, oper-
ating power and Argon concentration need to be optimized for ITO films. The ITO
layer also acts as an anti-reflective coating (ARC), as it has a refractive index value
in between that of air and silicon. The right band offset between different layers is
crucial for current collection. The lifetime of photo generated carriers should be
high in order to get high open circuit voltage. The fill factor is another very
important solar cell parameter which depends on the series and shunt resistance.

In this paper we report the optimisation of n doped amorphous silicon layers by
studying their electrical properties. The effect of ITO sputtering in the SHJ fabri-
cation was found to reduce the effective life time and it was observed that the
sputtering damage could be reduced by post sputtering annealing.

72.2 Experimental Details

The n-doped hydrogenated amorphous silicon (a-Si:H(n)) films have been depos-
ited using rf-PECVD (In-house fabricated) using SiH4, H2, and PH3 (5% diluted in
He) gas precursors. The films were deposited on Corning XG glass substrate for
optimization purpose. In order to study the quality of the deposited a-Si(n):H films,
metallic contact pads (Ti/Ag) were deposited on this samples by electron beam
evaporation. The samples were annealed at 180 °C in vacuum for one hour to form
an ohmic contact and the temperature dependent dark conductivity measurement of
these samples were performed at different temperatures (50–160 °C) to estimate the
activation energy. The activation energy was calculated by plotting the natural
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logarithm of the dark conductivity on y-axis and 1/KT on x-axis, where K is the
Boltzmann constant in eV/K and T is temperature in Kelvin. To study the possible
damage on the interface passivation caused by ITO sputtering during the silicon
heterojunction solar cell fabrication, 50 nm thick a-Si:H(i) layer was deposited on
both sides of a CZ p-type c-Si wafer for passivating the c-Si surface. ITO was
sputtered over this layer and minority carrier life time measurements were per-
formed to study the sputter damage. ITO films were deposited by rf-sputtering at
room temperature at a pressure of 2 � 10−3 Torr at 50 and 25 W using a ceramic
ITO target of 2 in. in diameter.

72.3 Results

Figure 72.1a shows the dependence of dark conductivity of the a-Si: (n) layers on
the phosphene dilution in silane (PH3/SiH4 ratio), keeping all other deposition
conditions fixed. As the flow rate of phosphene is increased, keeping the deposition
pressure high at 1.1 Torr, it is seen that the conductivity of the a-Si:H(n) layer
decreases. This is attributed to the fact that at higher deposition pressure the active
dopant incorporation is small [3] and hence higher doping under this condition
creates more defects in the amorphous silicon matrix which will adversely affect the
conductivity of the film. Figure 72.1b shows the effect of H2 dilution in increasing
the conductivity of the film. As the hydrogen dilution increases the conductivity
also increases, this can be attributed to the fact that when H2 dilution increases, the
amorphous phase moves to the microcrystalline phase. Another important param-
eter which affects the deposition rate is the deposition pressure. Figure 72.2 shows
how conductivity changes with deposition pressure. As the deposition pressure
increase the conductivity also increases. We have varied the a-Si: (n) layer depo-
sition conditions and made a library of films with dark conductivity in the order of
10−3 X−1 cm−1 and an activation energy (Ec–Ef) in the range 0.1–0.3 eV using
appropriate phosphene doping, hydrogen dilution and deposition pressure. This
device quality n-doped a-Si:H layer was further used in the fabrication of silicon
heterojunction cell as shown in Fig. 72.3a. Both front and back metal contacts were
evaporated using four target electron beam evaporator.

A thickness of 75 nm is normally used for the ITO which also acts as the
antireflection coating for the SHJ solar cells. By varying the distance between
substrate to target, sputtering power and sputtering pressure, ITO films with a sheet
resistance of 80 X/□ for 80 nm thick film was obtained. Table 72.1 present the
influence of ITO sputtering on c-Si/a-Si(i) interface passivation. Here identical
i-layers of thickness 5 nm were used for both sample 1 and 2. For sample 1, ITO
was deposited at 50 W power, substrate to target distance of 10 cm and 7 sccm of
Argon flow rate, for 12 min. The ITO thin film on sample 2 was deposited at 25 W
power, substrate to target distance of 10 cm and 7 sccm of Argon flow rate, for
17 min. Degradation in the minority carrier life time was observed after ITO
sputtering which got better with a post annealing step. The ITO sputtering reduces
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the minority carrier life time of the sample 1 by around 60 ls, whereas sample 2
shows 100 ls reduction. Post annealing of sample 1 and 2 improves the life time.

The ITO sputtering damage [4] is known to be due to the plasma photons which
deteriorates the passivation quality of the a-Si:H/c-Si interface. It was observed that
25 W sputtering was causing more damage in minority carrier life time of sample 2
than compared to 1, which suggests that the duration of sputtering also plays a
crucial role in damaging the interface passivation through ion bombardment and

Fig. 72.1 Dark conductivity of a-Si: (n) deposited at 250 °C versus a different phosphene (PH3)
to silane (SiH4) flow rates b different H2 flow rates

Fig. 72.2 Dark conductivity
of a-Si:H(n) films deposited at
250 °C against deposition
pressure. A constant PH3 flow
rate of 0.2 sccm was used
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prolonged UV exposure. Hence we chose 50 W as the ideal condition to be used for
the cell fabrication. This was also helping us to achieve an implied VOC of 680 mV
indicating an effective surface passivation.

Initial trials have been made to fabricate the silicon heterojunction solar cell with
the structure as shown in Fig. 72.3a which uses our optimized a-Si:H(n), a-Si:H(i)
and ITO layers. The intrinsic and doped amorphous silicon layers were deposited in
the same PECVD chamber. The thickness of intrinsic amorphous silicon and doped
n layer was 5 nm and 15 nm respectively. The rear surface passivation was
achieved using a bilayer stack [5] of 30 nm thick SiOxNy and 70 nm of SixNy.
Silicon heterojunction solar cell was completed with local back surface field
(BSF) made by laser firing (LFC) [6] of the aluminum back contact. Table 72.2
shows the carrier lifetime and implied VOC after each stage of SHJ fabrication. It is
obvious from Table 72.2 that, the initial passivation achieved using the very thin
intrinsic layer and the SiOxNy/SixNy bilayer at the rear surface is extremely good,
given a high implied open circuit voltage of 721 mV. There is a vacuum break

Fig. 72.3 a Schematic of the fabricated silicon heterojunction solar cell b the dark I–V
characteristics

Table 72.1 The effect of ITO deposition on c-Si/a-Si:H(i) interface passivation for sample 1 and
2

Sample After passivation After ITO sputtering Post annealing in N2

after ITO sputtering

Lifetime
(µs)

Implied
VOC (mV)

Lifetime
(µs)

Implied
VOC (mV)

Lifetime
(µs)

Implied
VOC (mV)

1 453 669 394 679 409 680

2 430 665 330 655 393 663
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between the depositions of intrinsic and n-doped layer. Though the minority carrier
life time was improving after the n-layer deposition, the implied VOC was found to
decrease and further decreased with ITO sputtering. Figure 72.3b shows the dark
current-voltage characteristics of the SHJ shown in Fig. 72.3a. The dark saturation
current density, Jo, and the ideality factor obtained in the voltage range 0.13–
0.36 V, highlighted by red color in Fig. 72.3b, are 1.58 � 10−8 A/cm2 and 1.94
respectively. The ideality factor is not ideal and shows that there is considerable
recombination at the hetero-interface for small forward bias voltages. As can be
seen from Fig. 72.3b, there is a considerable series resistance beyond 0.5 V due to
which the illuminated I–V of the SHJ cell shown in Fig. 72.3a had a very low fill
factor. Also, we found that the existing band offset between the n-doped a-Si:H and
the ITO film is creating an energy barrier which is hindering efficient current
collection and therefore reducing the fill factor even more. We have thus not
included the illuminated I–V curve of the SHJ solar cell in this paper, we are
confident of soon resolving this issue.

72.4 Conclusion

In this study we have optimized n-doped a-Si:H layer by electrical characterization
in terms of dark conductivity measurements. It was found that at high deposition
pressure (1.1 Torr) the dark conductivity is highest for very low phosphene flow
rates. This is because at high pressure the defects in the amorphous matrix increases
with increase in the dopant concentration. Also as the hydrogen flow rate is
increased the dark conductivity increases because the film starts moving to the
microcrystalline phase from pure amorphous phase. We have varied the a-Si:
(n) layer deposition conditions and made a library of films with dark conductivity in
the order of 10−3 X−1 cm−1 and an activation energy (Ec–Ef) in the range 0.1–
0.3 eV using appropriate phosphene doping, hydrogen dilution and deposition
pressure. We have found that sputtering of ITO film damages the a-Si:H/c-Si
interface passivation and a post deposition annealing was necessary to regain the
lifetime. The duration of the sputtering was also found to influence the degradation
of the interface passivation and, a shorter sputtering time is preferred to retain
passivation properties. Though the dark diode performance is average, being our
very initial trials on SHJ solar cells, we have identified a way forward to make
efficient SHJ solar cells incorporating the results obtained in this study.

Table 72.2 Carrier life time and implied VOC measured at different stages of fabrication of silicon
heterojunction solar cell

Measurement After i layer After i layer + n layer After i layer + n layer + ITO

iVOC (mV) 721 677 670

Life time (ls) 362 392 329
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Chapter 73
Improved Extraction
of Photo-Generated Carriers in InGaN
MQWSC: Effect of Staggered Quantum
Wells with Triple Indium Content

Basant Saini, Sugandha Sharma, Ravinder Kaur, Suchandan Pal
and Avinashi Kapoor

Abstract The use of three different indium (In) compositions in InxGa1−xN
quantum wells (QWs) with staggered geometry is proposed to improve the pho-
tovoltaic properties of InGaN/GaN multiple quantum well solar cell (MQWSC).
Improved lattice matching at the last QW and p-GaN interface along with staggered
QWs leads to an increase in short circuit current density, resulting in an overall 45%
enhancement in efficiency as compared to reference cell. The optimized MQWSC
with staggered QWs solar cell shows a fill factor (FF) of 0.68 and efficiency of
1.21% under AM1.5G illumination.

73.1 Introduction

In case of InGaN MQWSCs, photo generated charge carriers are lost across the
absorber region due to carrier confinement effect shown by the individual QW.
Also, the resultant polarization field acting across the absorber region reduces the
carrier collection across it [1, 2].

In this study, we have reported an increase in the carrier extraction from the
InGaN/GaN MQW region by modifying QW geometry. It is reflected in the
improved photovoltaic properties and is demonstrated by simulating the structures
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using a finite element analysis software APSYS (Advanced physical models of
semiconductor devices) from Crosslight Software Inc., Canada [3].

73.2 Simulation Parameters and Structures

InxGa1−xN is a ternary material system where the material properties are dependent
on the relative composition ratio of indium and gallium. All the simulation
parameters used in this study are listed in article by Saini et al. [4].

Three different structures of MQWSCs along with their dimensions considered
in this analysis are shown in Fig. 73.1.

Cell A: ‘Conventional MQWSC’ consists of 15 In0.17Ga0.83N QWs each of
thickness 3 nm with alternating GaN barriers each of thickness 5 nm. The MQWs
have been sandwiched between a 2 µm thick n-GaN layer with a doping density of
5 � 1018 cm−3 and a 100 nm thick p-GaN layer with a doping density of
5 � 1017 cm−3.

Cell B: ‘Triple indium content MQWSC’ consists of 3 periods of MQWs with
5 QWs in each period. Mole fraction of In is fixed to 14, 17 and 20% respectively for
each period. Each QW is 3 nm thick and is followed by a 5 nm GaN barrier. These 3
periods of MQWs replace the 15 QWs between n-GaN layer and p-GaN layer of
structure A. The average indium content in QWs of structure B thus stays at 17%.

Cell C: ‘Triple indium content MQWSC’ with staggered QWs’ has its structure
similar to cell B with the only difference that each QW is staggered as In0.07Ga0.93N
(1 nm)/InxGa1−xN (1 nm)/In0.07Ga0.93N (1 nm), where x is 14, 17 and 20% for each
period respectively arranged sequentially from top to bottom of the structure.

Fig. 73.1 Schematic diagram of InxGa1−xN/GaN MQW solar cell with uniform indium mole
fraction QWs (Cell A), triple indium mole fraction QWs (Cell B) and staggered QWs (Cell C)
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73.3 Results

All the three structures shown in Fig. 73.1 are simulated under AM1.5G illumi-
nation condition. In order to study the photovoltaic performance of these three cells,
variations of current density (J) with voltage (V) are plotted in Fig. 73.2. The solar
cell parameters evaluated from the data in Fig. 73.2 are summarized in Table 73.1.

It is observed from Table 73.1 that out of three cells, cell C shows the best
efficiency of 1.21%. Values of Voc for all the three cells are similar, varying from
2.61 to 2.62 V. The structural changes in cell B and cell C mainly affects the
piezoelectric polarization in the absorber region. However, piezoelectric polarization
does not have a large influence on Voc. Hence, the values Voc for all the three
structures are comparable. The use of triple indium content staggered QWs increases
the Jsc from 0.58 to 0.68 mA/cm2. Moreover, for cell C, an overall 45% improve-
ment in efficiency is reported over cell A along with a better fill factor (0.68). This
improvement certainly points towards the increased free charge carrier generation in
QWs, efficient escape of carriers from QWs and better carrier collection.

Fig. 73.2 J–V curves for cell A, B and C and D under 1 sun AM1.5G illumination

Table 73.1 Summary of the
output characteristics of cell
A, B and C

Cell Voc

(V)
Jsc (mA/
cm2)

Fill-factor Efficiency
(%)

Cell
A

2.61 0.58 0.55 0.83

Cell
B

2.613 0.61 0.57 0.91

Cell
C

2.62 0.68 0.68 1.21
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The comparative analysis of electric fields across the MQW absorber region for
three cells is shown in Fig. 73.3. The use of QWs with 14% indium near p-GaN
interface in cell B and cell C reduces the tilting of bands in QWs, resulting in better
coupling of VB and CB in QWs, which is required for transfer of electrons from VB
to CB in a QW. This also reduces the negative sheet polarized charge density in the
QWs near the p-GaN interface. Thus, the overall electric field against

Fig. 73.3 Total polarization fields across MQW absorber region
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carrier-collection is reduced resulting in better carrier collection. Further, in cell C,
due to the use of staggered QWs, the piezoelectric field acting against the built-in
field decreases, benefiting the carrier collection across the absorber region.

Figure 73.4 shows the energy band diagrams of the three cells with zero bias
under AM1.5G illumination. It is evident that in cell B and C, the band-gap of QWs
near p-GaN interface is greater than cell A, due to lower indium composition. The

Fig. 73.4 Simulated band diagrams
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use of 14% indium in QWs close to p-GaN interface in cell B and C provides better
lattice matching between the QWs and barrier around p-GaN interface. This pos-
itively affects the escape of carriers from QWs near p-GaN interface and also
enhances the net built-in electric field acting across MQW absorber responsible for
the collection of the photo-generated carrier. This increase in carrier collection thus
increases the current density of cell B and C over cell A.

Three-layer staggered In0.07Ga0.93N/InxGa1−xN/In0.07Ga0.93N QWs (x = 0.14,
0.17, 0.20) used in Cell C introduces a step at the well-barrier interface, improving
the lattice matching between the individual QW and the GaN barrier. Staggered

Fig. 73.5 Hole concentration distribution
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QWs have been effective in countering the effects of QCSE, resulting in better
coupling between the energy states in valance band (VB) and conduction band
(CB). Hence, there is an increase in the number of electrons transferred from VB to
CB. This proposition is in accordance with the Fermi’s golden rule i.e. for efficient
transfer of electrons from VB to CB, maximum overlap of the respective wave
functions should occur. Moreover, introduction of steps between individual QW
and GaN barrier benefits the charge carrier escape from the QWs which is reflected
in the increased current density for cell C over cell B.

Figure 73.5 authenticates the premise that structural modifications in cell B and
cell C results in increased charge carrier collection at the p-GaN interface. As
shown in Fig. 73.5a, b, hole density near the p-GaN interface increases as we move
from cell A to cell C with highest in case of cell C as expected.

73.4 Conclusions

The effect of the use of staggered QWs with three different indium molar fractions
is studied numerically. It is demonstrated that the carrier-escape from the QWs can
be improved by strategically placing the lower indium content QWs towards p-GaN
interface. Also, the use of staggered QWs decreases the polarization induced fields
acting against the built-in field present across the absorber region. Staggered QWs
also benefits the carrier transport from VB to CB by countering the effects of
QCSE. The photovoltaic properties of InGaN/GaN MQW solar cell can be
improved significantly by the use of staggered QWs with triple indium content. The
optimized MQWSC with staggered QWs solar cell shows the best FF of 0.68, Jsc of
0.68 mA/cm2 and Voc of 2.62 V. The major improvement is reflected in the cell’s
efficiency with an overall increase of 45% over conventional MQWSC.
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Chapter 74
Alkaline Treatment of Silicon
Nanostructures for Efficient PEDOT:
PSS/Si Heterojunction Solar Cells

Rumysa Manzoor, Prashant Singh, Sanjay K. Srivastava, P. Prathap
and C. M. S. Rauthan

Abstract Silicon organic heterojunction solar cells have lower thermal budget and
are less time consuming as compared to traditional dopant diffusion based silicon solar
cells. In this study such heterojunction solar cells have been fabricated over nan-
otextured silicon by spin-coating a thin layer of co-solvent stabilized PEDOT:PSS
polymer. To enhance conformal coating of the polymer, nanotextured silicon was
treated with aqueous alkaline etchant. Alkali treated hybrid nanotextured device
showed enhanced fill factor and photocurrent arising from better conformal coating,
and hence higher efficiency as compared to without alkali treated device (control
sample). A 0.47% absolute and 13% relative increase in efficiency have been observed.

74.1 Introduction

Despite having largest market share traditional Silicon photovoltaic (PV) based
devices has high thermal budget and are time consuming hence their cost per unit
power can be lowered by switching to low or zero thermal budget processes.

Hybridization of organic and inorganic material systems has some offer of
alternative. In recent years a well-established hole transport polymer have been
spun-coated over silicon to fabricate heterojunction solar cells. These can be fab-
ricated at room temperature and does not require high temperature diffusion process
and hence its thermal budget is comparatively low.

Heterojunction solar cells have largely been reported over planar and microtex-
tured silicon. Nanotextured silicon have been scantly discussed. This work reports
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successful fabrication of heterojunction solar cells over nanotextured silicon.
Reflectivity of polished silicon is *36–38% and ofmicrotextured silicon *12–14%
whereas nanotextured silicon has *1–8%, depending upon length/height of nanos-
tructures. Therefore, nanotextutred silicon has potential to enhance the current of the
device, due to light absorption, and may drive the next phase of research in PEDOT:
PSS based heterojunction solar cells organic heterojunction (SOH) based solar cells
have gained attention due to their ability to combine best of both organic and inor-
ganic material systems. It uses Si as base material and hence can theoretically achieve
power conversion efficiency (PCE) comparable to inorganic Si based solar cells. It
avoids high temperature diffusion process, which has negative effect over minority
carrier lifetime, to fabricate p-n junction by spin coating a highly conductive polymer
PEDOT:PSS, doped with suitable co-solvents such as dimethyl sulfoxide (DMSO)
and ethylene glycol (EG), at room temperature. This study seeks to fabricate PEDOT:
PSS based heterojunction solar cells over silicon nanowire based substrate.

74.2 Methods

Single side polished N-type (100) CZ Si these substrates were then exposed to an
aqueous solution containing 20 mM of silver nitrate, 5 M HF for 5 min at room
temperature for the fabrication of nanostructured surface [1]. Substrates were
cleaned with copious amount of water and then treated with 1% (w) sodium
hydroxide (NaOH) for 0–20 s. PEDOT:PSS was mixed with IPA and DMSO in
9:9:2 ratio (v/v) and spun-coated onto Si substrate for 240 s at 800 rpm [2]. The
spun-coated substrate is given heat treatment at 100 °C for 60 s under ambient
condition to evaporate moisture from polymer film. Front electrode was deposited
through a shadow mask using high vacuum e-beam evaporation system. In–Ga
eutectic was applied at the rear side to form rear contact (cathode). Process flow of
fabrication is shown in Fig. 74.1.

Fig. 74.1 Sequence of steps involved in fabrication of Ag/PEDOT:PSS/n-Si(nanowire)/In:Ga
solar cell
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74.3 Results

The SiNWs arrays based silicon prepared by silver assisted wet chemical etching
method [1] were found to have high density of SiNWs, resulting high density of
nanopores as well as surface damages. Low concentrated alkaline (NaOH) solution
treatment of SiNWs samples removed the surface defects by etching the silicon
nanostructures and therefore resulted in relatively wider and smoother pores. The
reflectivity of NaOH treated SiNWs samples was slightly increased. It was found
that reflectivity of polished wafer in the spectral range of 300–1100 nm was *41%
and that of SiNW surface*3.4%. But, on treating with alkaline solution at different
time intervals reflectivity gets increased to *7% on average. However, the NaoH
treatment of SiNWs surface leads to relatively improved conformity of the PEDOT:
PSS layer and hence improved polymer/Si junction. Figure 74.2 shows illuminated
J–V characteristics of PEDOT:PSS/SiNWs solar cell without NaOH treated, and
treated with 1% NaOH for 20 s.

The open circuit voltage for both devices are approximately same. However,
there is marginal increase in the photocurrent density, as well as fill factor of the cell
with NaOH treatment leading to an absolute enhancement of photo-conversion
efficiency of the cell by 0.47% as compared to that of no NaOH treatment. It is
believed that due to improved coating in NaOH treated device its fill factor and
current have got improved. This is further confirmed by dark J–V characteristics
(not shown here) of the two sets of devices. The NaOH treated device has lower
reverse current which indicated lower recombination as compared to that untreated
device. The quantum efficiency measurements of the devices also confirmed the
improved performance of the NaOH treated solar cell. Hence it is found that,
though the SiNW based surface showed a low reflectance but improved electrical
characteristics can be achieved from the such nanostructured solar cell by the
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combination of Ag assisted etching and alkaline solution treatment. The results are
preliminary and needs detailed investigation of the processing parameters to
achieve the high efficiency PEDOT:PSS/nanostructured Si solar cells.

74.4 Conclusions

PEDOT:PSS based heterojunction solar cells have been fabricated over alkali
treated and without alkali treated nanotextured silicon. Device obtained after alkali
treatment has higher power conversion efficiency as compared to that without any
alkali treatment. This understanding will help achieve higher power conversion
efficiency device.
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Chapter 75
Effect of Water on Cooling Efficiency
of Activated Carbon Based Thermal
Cooling Layer Beneath the Solar Cell
to Boost Their Working Efficiency

Vivek Kumar, Amit Kumar, Hrishikesh Dhasmana,
Abhishek Verma and V. K. Jain

Abstract Activated carbon based highly porous thermal cooling layer (TCL) is
used as heat dissipating material beneath the solar cell to decrease the working
temperature of the device. Thickness dependent cooling efficiency of the TCL layer
have been analyzed in detail. In our experiments, the maximum working temper-
ature of our studied solar cell reaches to 88 °C under constant illumination con-
dition of 1450 W/m2. Upon using our TCL beneath the cell, this saturation
temperature reaches to 74.2 °C, thereby increase the absolute working effi-
ciency *1% in comparison to the cell without TCL. Further, the effect of water, as
coolant, on the cooling efficiency of the TCL has also been studied in detail. We
have attained the maximum saturation temperature of around 58 °C by purging
only 10 mL water in our optimized TCL. TCL remains at 58 °C for around 3 h. by
purging 10 mL water and our device works with around 1.63% higher efficiency in
comparison to the standard device without TCL.

75.1 Introduction

Solar cell is an electronics device, which convert solar energy to electrical energy.
Some portions of the incident light get absorbed while other parts either get
reflected or transmitted through the solar cell. The absorb photons with energy
much higher than the band gap of the solar cell dissipate their extra energy as heat.
These dissipated heat along with greenhouse effect within the solar panels, increase
the temperature of the solar cell. This increase in temperature causes decrease in
conversion efficiency of the solar cell. For solar panel, the conversion efficiency can
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decrease from 0.5% per degree rise in PV cells temperature after 25 °C [1]. Thus, in
order to increase solar cell working efficiency, the working temperature of solar
panel required to be kept at lower temperature. Various researchers have used
different approaches to reduce the working temperature of solar panel such as,
hybrid PV/T solar system where water and air were both investigated in the
combined system as cooling agents [2]. The PVT/Air system has cooling effect on
the PV module with either forced or natural convection [3]. Tang et al. have also
used a novel micro-heat pipe array for solar panels cooling [4]. All solar panels
have Si solar cell as fundamental building block, therefore a study on cooling of
solar cell can be a useful for its practical application.

All the reported methods are forced cooling techniques, here in this paper; we
have proposed a new technique to reduce the overall cell temperature by placing a
thermal cooling layer beneath the solar cell and observed the cooling effect. The
cooling layer acts as a heat sink which absorbs and dissipates heat without any
external force. The cooling layer thickness dependent studies have been done to
investigate the maximum cooling efficiency of the prepared layer and an optimum
thickness of 14 mm provides best cooling efficiency. Further, the effect of water on
the cooling efficiency of the TCL has been investigated in detail.

75.2 Experimental Details

To study the effect of as prepared TCL beneath the solar cell, a conventional set up
was designed and developed indigenously, to generate real-time conditions for solar
cells/panels in extreme summer conditions. The setup consists of polycrystalline
silicon (pc–Si) solar cell, halogen lamp, digital K-type thermocouple with PC
interface, as shown in Fig. 75.1. The pc–Si solar cells having cell efficiency of 17%
were procured from IndoSolar Pvt. Ltd. India to carry out the experiments. We have
fabricated devices with variable thickness of TCL, beneath the pc–Si solar cell to
optimize the thickness of the TCL with highest cooling efficiency. For comparison
purpose a controlled device without TCL has been investigated. The thickness of
the TCL beneath the solar cell varied from 4 to 26 mm (4, 8, 10, 14, 18, 22, and
26 mm). A halogen lamp is used as light source to increase the working temper-
ature of the solar cell device. The distance between halogen lamp and sample was
set to attain the maximum working temperature of around 88 °C at constant illu-
mination of 1450 W/m2 and its position was fixed throughout the experiments. The
ambient temperature during the experiment was 32 °C and all the experiments were
performed under same conditions. Further, in the optimized TCL thickness, very
small amount of water (0.5–10 mL) was purged inside the layer and the cooling
effect of the TCL was analysed in detail.
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75.3 Results and Discussion

Figure 75.2 shows the scanning electron microscopic image of the cooling layer.
The image of the layer shows highly porous sponge like structure, that can support
the transfer of heat energy through convection, absorbed from the solar cell by the
upper part of the layer, which is in direct contact of the device.

The time versus operating temperature of solar cell without and with thermal
cooling layer (different thicknesses) beneath the cell was recorded at constant
illumination (1450 W/m2), as shown in Fig. 75.3 The highest temperature of the
solar cell reaches to 88 °C under the constant illuminance of 1450 W/m2 and it
attains fasted saturation temperature amongst all with respect to samples having
TCL with variable thickness. Upon inserting the TCL beneath the solar cell, the
highest temperature of the device decrease in comparison to the device without
TCL (controlled device). The highest saturation temperature of the solar cell device
under constant illumination depends on the cooling efficiency of the TCL. The
maximum saturation temperature of solar cell reaches to 88 °C in case of the
controlled device (without TCL), whereas, the saturation temperature drops down to
74.2 °C in typical case of the device having TCL with optimum thickness of
14 mm beneath the solar cell, under same experimental conditions. Due to the TCL
beneath the solar cell, our device works 13.8 °C lower temperature than controlled
device i.e. around 1% higher working efficiency can be achieved. The TCL

Fig. 75.1 Experimental setup to conduct real-time condition studies on as prepared TCL beneath
solar cells
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thickness dependent saturation temperature of the solar cell are summarized in
Table 75.1 and found that the 14 mm thick TCL shows highest cooling effect.

Incident intensity (from 700 to 1450 W/m2) dependent behaviour of saturation
temperature of the solar cell device without and with cooling layer (14 mm thick)
have been recorded and are shown in the inset of Fig. 75.3, to study and analyse the
effect of change in real-time weather conditions. The saturation temperature of the
devices increase upon increasing the incident intensity and also the difference in
saturation temperature for the same. The thickness, saturation temperature,

Fig. 75.2 Scanning electron
microscope image of the
cooling layer
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temperature difference between the saturation temperature of the devices (without
and with TCL) and the working efficiency of the solar cell at saturation temperature
of the devices are summarized in Table 75.1.

After optimizing the thickness of cooling layer (14 mm), very small amount of
water (0.5–10 mL) was purged and the effect of water on the cooling efficiency of
the layer was investigated in detail. During the experiment, the intensity of the
incident light was 1350 W/m2 and the saturation temperature of the device without
cooling layer reaches to 82 °C and with TCL (14 mm) beneath the solar cell, the
saturation temperature reaches to 69 °C. The time versus temperature curves of
the devices (without and with TCL) and TCL with different amount of water were
recoded at constant intensity and are summarized in Fig. 75.4. The figure shows the
effect of water as coolant in TCL beneath the solar cell. Up to 2 mL of water as
coolant in TCL, negligible cooling due to water is observed. However, on
increasing the water purging amount to 2 mL onward, appreciable cooling effect

Table 75.1 TCL thickness, saturation temperature, temperature difference between the saturation
temperature of the devices (without and with TCL) and the working efficiency of the solar cell at
saturation temperature

Device
name

Thickness
(mm)

Saturation
temperature (°C)

Temperature
difference (°C)*

Working
efficiency (%)

S1 0 88 0 12.39

S2 4 81.7 6.3 12.77

S3 8 78.6 9.4 12.96

S4 10 76.7 11.3 13.09

S5 14 74.2 13.8 13.29

S6 18 77.7 10.3 13.03

S7 22 80.6 7.4 12.87

S8 26 83.6 4.5 12.67

* temperature difference between the saturation temperature of the devices (without and with TCL)
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due to water evaporation is observed, which maintains temperature of solar cell to
58 °C i.e. 11 °C further depreciation in temperature due to water cooling is
observed in TCL. The cooling time of TCL increases with the amount of water
purging and reaches to its maximum value (3 h). No more water can be purged into
this TCL after 10 mL on the given volume (20.16 cm3) of TCL because this TCL
has got water holding capacity of 0.496 cc/volume. Thus, water as coolant works
because of evaporation effect and it maintains a constant temperature of solar cell
during evaporation. After water evaporation, heating of TCL under illumination
takes place at constant heating rate for all cases and reaches to a saturation tem-
perature of 69 °C.

The self-explanatory Fig. 75.4 is summarized in Table 75.2, which includes, the
amount of water in TCL, working temperature of the device having TCL beneath
the solar cell with different amount of water in it, time duration for which the device
work at this minimum temperature, further the time taken to reach the temperature
of the device equal to the device with only cooling layer without water and the
working efficiency of the device at this temperature.

75.4 Conclusion

Highly porous thermal cooling layer have been used as heat dissipating material
beneath the solar cell device to reduce the working temperature of the device in
extreme summer. The optimum thickness (14 mm) of the TCL shows highest
cooling efficiency and reduces the working temperature of the device to 13.8 °C.
The results show that upon purging the very small amount of water inside the TCL,
further decrease in the working temperature of the device or in turn increase in the

Table 75.2 Water in TCL, working temperature of the device having TCL beneath the solar cell
with different amount of water in it, time duration for which the device work at this minimum
temperature, further the time taken to reach the temperature of the device equal to the device with
only cooling layer without water and the working efficiency of the device

Water
(mL)

Working
temp.

Minimum
duration

Saturation
time

Efficiency min.
temp.

0 69 20 20 13.63

0.5 68 25 40 13.7

1 62 16 54 14.12

2 60 35 75 14.26

3 60 50 100 14.26

4 60 60 120 14.26

5 60 90 145 14.26

6 59 110 160 14.33

8 59 135 185 14.33

10 58 190 260 14.4
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cooling efficiency of the used TCL is observed. These results show that the cooling
efficiency of the TCL can be further tuned by changing the appropriate amount
coolant in TCL.
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Chapter 76
Efficiency Enhancement
of Polycrystalline Silicon Solar Cell
Due to Integration of Ag Nanoparticles
Fabricated by Rapid Thermal Annealing

Bidyut Barman, Hrishikesh Dhasmana, Abhishek Verma,
Amit Kumar, D. N. Singh and V. K. Jain

Abstract In this work, efficiency enhancement of wafer based polycrystalline
silicon (pc-Si) solar cells has been investigated by using plasmonic silver
nanoparticles (Ag NPs) on the top surface. Ag NPs has been fabricated by rapid
thermal processing (RTP) of non-continuous silver thin film at low temperature
regime (200–300 °C) for various RTP durations (5–30 min). The results obtained
reveals that an optimum RTP durations of 20 min leads to drastic reflectance
reduction of pc-Si wafers with minimum average particle size at all temperatures.
At 20 min RTP duration, the total reflectance of the pc-Si wafers integrated with Ag
NPs reduced from 35.1% of the raw pc-Si wafer to 12.97, 17.9 and 19.31%
respectively at 200, 250 and 300 °C in the wavelength region 300–800 nm. Around
3% increase in conversion efficiency of pc-Si solar cells is observed due to
incorporation of plasmonic Ag nanoparticles.

76.1 Introduction

Conventional Silicon (Si) solar cells of thickness *180–300 lm, is of very high
cost due to high price of silicon material and its processing. Two common
approaches for reducing high electricity cost is either reduction of thickness of the
raw material or increase of existing solar cell efficiency. Silicon is an indirect band
gap material and is a poor absorber of light. So, reduction of the material thickness
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will reduce light absorption especially in the longer wavelength region which will
eventually decrease the conversion efficiency [1, 2]. Light trapping by using
localized surface plasmon resonance (LSPR) properties of metallic Nanoparticles
(NPs) can be a useful technique to increase light absorption in active layer of the
solar cell and consequently its efficiency [3]. The silver (Ag) NPs arrangement are
considered the best amongst various metallic NPs for light trapping purposes for
solar cell device application [4].

Recently, research groups have reported the efficiency enhancement of silicon
solar cell by using Ag NPs [5, 6]. But they have employed high temperature
treatment for fabrication of Ag NPs. These high temperatures processes are not
suitable for mass scale production and also can degrade efficiency of the device.
Therefore, in this current work, we have explored low temperature rapid thermal
annealing for Ag NPs fabrication on the front surface of the solar cell for the
efficiency improvement in polycrystalline solar cell (pc-Si). This technique offers
lesser processing time due to rapid heating, minimum thermal budget, low power
consumption, higher throughput features etc., which can reduce overall process cost
of silicon solar cells [7, 8].

76.2 Experimental Details

The low temperature RTP treatment of sputtered non-continuous Ag particles was
carried out at 200, 250 and 300 °C for annealing duration of 5, 10, 15, 20 and
30 min, respectively. Thereafter, all the RTP treated samples were cooled naturally
to room temperature in inert atmosphere. The Ag particles layer was coated by RF
sputtering deposition unit at a sputtering power of 75 W for 10 s. The surface
studies of RTP treated sample are analyzed by using SEM (Model: Zeiss-EVO-18)
and FE-SEM (Model: TESCAN-MIRA). Optical studies are recorded by using
UV-Vis spectrophotometer model Shimadzu UV-2600 and Shimadzu ISR-2600
plus Integration Sphere, for absorption and reflection spectra, respectively. Further,
the electrical characterizations have been carried out using Keithley 6517B
Electrometer.

76.3 Results and Discussion

76.3.1 Surface Morphological Study

The FE-SEM image in Fig. 76.1a shows a non-continuous Ag thin film with
interconnected flattened particles on pc-Si surface after RF sputtering. The SEM
images of the RTP treated pc-Si wafers for an optimum annealing duration of
20 min are shown in Fig. 76.1b–d. Due to rapid heating and then natural cooling of
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as sputtered non-continuous flattened particles layer results the growth of randomly
distributed Ag NPs. The Ag NPs attain average minimum sizes for 20 min RTP
duration at all temperatures. At 200 °C, the size of the Ag NPs is lowest amongst all
(35.77 nm). As the temperature increase the average size of Ag NPs also increases.
The size of Ag NPs at 250 and 300 °C temperature are 49.43 and 95.97 nm,
respectively, for the optimum RTP duration of 20 min. At 300 °C, the formed Ag
NPs shows a sign of coalescence, due to which, shape of the Ag NPs becomes
irregular and relatively bigger in size, as shown in Fig. 76.1d.

76.3.2 Absorbance Studies

The absorption spectra of Ag NPs fabricated by RTP annealing of Ag layer on glass
substrates confirms the plasmonic behavior of the grown Ag NPs.

Figure 76.2 shows the absorption peak of Ag NPs for RTP temperature of 200,
250 and 300 °C for 20 min RTP duration. At 200 °C, the primary peak of the
resonance spectra is positioned at around 416.5 nm. At 250 °C, a broadening and
red shift of the resonance peak to 453 nm has been observed. As the temperature
rises to 300 °C, the plasmonic peak further red shift to 458.5 nm. So, a tuning of

Fig. 76.1 a FE-SEM image of Ag coated pc-Si surface; b SEM image at 200 °C for 20 min RTP,
c SEM image at 250 °C for 20 min RTP, d SEM image at 300 °C for 20 min
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resonance wavelengths from 416.5 to 458.5 nm has been observed, which is due to
the plasmonic behavior of the formed Ag NPs for 20 min RTP duration at different
temperatures.

76.3.3 Reflectance Studies

Figure 76.3 shows various reflectance spectra in the wavelength region 300–
800 nm for fabricated Ag NPs on pc-Si wafers samples at different RTP temper-
atures. The measured average reflectance of substrate for raw pc-Si wafer is around
35.1%. The average reflectance of substrate increases from existing 35.1 to 43.93%
for non-continuous Ag particles layer due to higher surface area coverage by flat-
tened Ag particles.
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The 20 min RTP at 200 °C show significant average reflectance reduction from
43.93 to 12.97% in the measured wavelength region due to reshaping of flattened
particles into Ag NPs arrangement. This reduction in average reflectance can be
attributed to increase forward scattering from Ag NPs arrangement for incoming
light. At 250 and 300 °C, the average reflectance rises and reaches to 17.9 and
19.31%, respectively. At 300 °C, excessive thermal energy due to rapid heating,
increase surface diffusion of the atoms and the Ag NPs start merging with each
other. This causes formation of Ag NPs with bigger size and irregular shapes, which
increases reflectance.

76.3.4 Electrical Evaluation

Figure 76.4 shows the I-V characteristic graph of bare pc-Si cells as well as Ag NPs
coated pc-Si cells. Pc-Si cells are cut into pieces of size 2.54 � 2.54 cm2.
One sample is taken as reference cell and three samples are prepared in which Ag
NPs are prepared on top side using the same procedure as discuss in experimental
section.

The measured I-V characteristic of bare pc-Si cell shows *0.558% efficiency of
the device. After 200 °C RTP treatment of Ag sputtered pc-Si cell, the efficiency
increase from existing 0.558 to 0.575%. This shows around 3.05% enhancement in
conversion efficiency of solar cell due to Ag NPs. This improvement in conversion
efficiency of solar cell parameters may be attributed to larger electron-hole pair
generation due to forward scattering and hence increase in open-circuit voltage is
observed [9]. Similarly, increase in efficiency also has been observed for 250 and
300 °C RTP treated pc-Si cells. The details of Ag NPs integrated solar cell are
given in Table 76.1.
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76.4 Conclusions

A methodology for low temperature fabrication of Ag NPs using RF sputtering
followed with RTP has been developed. SEM measurements show shape and size
variation in Ag NPs with the increase of RTP temperature. Average size of Ag NPs
increases with RTP temperature. The measured reflectance spectrum depicts
decrease in reflectance reduction with the increase of RTP temperature. The
reflectance of pc-Si surface is reduced from 35.1 to 12.98% corresponding to least
particle size arrangement of Ag NPs for 20 min RTP at 200 °C temperature.
The RTP treated solar cell depicts improvement in open-circuit voltage due to the
integration of Ag NPs. 3.05% enhancement in existing efficiency of bare pc-Si solar
cell (size 2.54 � 2.54 cm2) is achieved due to Ag NPs corresponding to 20 min
RTP treated solar cell at 200 °C temperature. This technique offers low temperature
RTP for optical improvement of device with fast, reproducible, better adhesion of
NPs features in Si solar cell device fabrication line.
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Chapter 77
Effect of Microstructure on Electrical
Properties of Cu2ZnSnS4 Films
Deposited from Inks

Prashant R. Ghediya and Tapas K. Chaudhuri

Abstract Electrical properties of Cu2ZnSnS4 (CZTS), potential absorber materials
for low-cost solar cells, are significantly affected by its microstructure. In this paper,
effect of microstructure on electrical properties of CZTS films have been studied
from 77 to 300 K. Temperature variation of electrical conductivity of structurally
different films revealed that transport of holes is by either hopping in defect states or
activated band conduction depending on the temperature range. The electrical
conductivity and activation energy changes significantly with the structure of the
films.

77.1 Introduction

Microstructures significantly affect the transport and photovoltaic properties of
semiconductor films [1]. Cu2ZnSnS4 (CZTS), an earth-abundant and non-toxic
semiconductor, has the potential to deliver low-cost thin film solar cells and has
already attained about 9% efficiency. Even though there have been vigorous efforts
in development of solar cells, there has been no study on the electrical conductivity
of films especially with respect to microstructures. It has been shown by us [2–5]
that microstructure of CZTS films deposited from inks depend on type of ink such
as, molecular or nanoparticle suspension. The microstructures of CZTS films range
from continuous nanocrystalline to interconnected grains with voids. In this paper,
we report the electrical properties of ink-deposited CZTS films [2–5] having dif-
ferent microstructures. It was found that microstructure of films have significant
effect on the mode of conduction as does the temperature.
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77.2 Experimental

CZTS films were coated on glass using different types of inks by doctor blading,
drop-casting and dip-coating [2–5]. CZTS nanoparticle ink (NPI) was prepared by
one-step and rapid microwave process [3]. Molecular solution inks were synthe-
sized with ethylene glycol (MGI) and methanol (MMI) as solvents [2, 4, 5]. The
electrical conductivity (r) and thermoelectric power (TEP) of films were measured
at room temperature (300 K) in dark to determine carrier concentration and
mobility. The temperature variation of r of different films was recorded in vacuum
from 77 to 300 K. Microstructure of films was determined by observing
cross-sections with Scanning Electron Microscope (SEM).

77.3 Results and Discussion

Structural and compositional analysis of the films confirms deposition of pure
kesterite CZTS [2–5]. Figure 77.1 depicts the cross-sectional SEM of the films
deposited from (a) MMI, (b), NPI (b) and (c) MGI. Films deposited from MMI are
nanocrystalline (crystallite *5 nm), non-granular and continuous without voids.
However, NPI and MGI resulted in films with interconnected grains and voids with
grain sizes of 0.2–0.4 µm and 0.4–0.5 µm, respectively. The grain size is increasing
as MGI > NPI > MMI.

The electrical properties of these films at 300 K in dark are presented in
Table 77.1. All the films are p-type with hole concentration of *1019 cm−3. MMI
films have highest r and µ because of compactness and continuity of the films
while granular structure of the films results in low r and µ in case of NPI and MGI
films.

Figure 77.2 shows the temperature variation of r of different CZTS films in dark
from 77 to 300 K. In general, r of films increases exponentially with inverse of
temperature. The overall conductivity of CZTS films can be expressed as

r D ¼ r01Mexp �TMD

T

� �1
4

 !
þr02exp �ENNHD

kbT

� �
þr03exp �ETACD

kbT

� �

þ r04

T
1
2

exp �EBD

KbT

� �

where, first, second, third and fourth terms represents conductivity due to
Mott-Variable Range Hopping (M-VRH), Nearest Neighbour Hopping (NNH),
Thermally Activated Conduction (TAC) and Thermionic Emission over Grain
Boundary Barriers (TE over GB), respectively.

The data of Fig. 77.2 were analyzed to determine the appropriate mode of
conduction for each type of film. In all the films, hopping conduction is dominant
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below 200 K through either Mott-Variable Range and/or Nearest Neighbour.
Figure 77.3 shows the validation of hopping conduction in films made from MMI,
NPI and MGI.

It can be seen from Fig. 77.3a, b that in case both MMI and NPI films, the
conduction is by M-VRH through interband energy levels situated above valence
band. These levels are spatially separated and arise due to disorder and defects.
Since, MMI films are nanocrystalline there would be large number such states for
M-VRH conduction. In case of NPI films, the grain sizes are small and such states
are also available in the intergranular boundaries and in the grains. However, films
deposited from MGI shows comparatively larger grains. The existence of NNH in
such samples was shown in Fig. 77.3c. In NNH the available energy states are
separated by very small energy difference. The origin of these states is defects and
is situated in bulk and mostly at inter-granular boundaries. To conduct through

Fig. 77.1 Cross-sectional SEM of films deposited from a molecular methanolic ink b nanoparticle
ink and c molecular glycolic ink

Table 77.1 Electrical properties of different types of CZTS films in dark at 300 K

CZTS film Grain size (µm) r (S/cm) TEP (µV/K) p (cm−3) µ (cm2/Vs)

MMI None 0.34 +40 3.3 � 1019 0.10

NPI 0.2–0.4 3.5 � 10−4 +350 1.3 � 1018 0.003

MGI 0.4–0.5 1.2 � 10−2 +79 2 � 1019 0.05
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these states require some thermal activation energy. Figure 77.3 suggests that there
seems to be a cross-over from M-VRH to NNH after a critical grain size of around
0.4 µm.

Above 200 K, the entire CZTS films exhibit thermally activated band conduc-
tion either because of thermally activation (TAC) or thermionic emission over grain
boundary barriers (TE over GBB). CZTS films deposited from MMI and NPI
showed conduction due to TAC from 200 to 300 K. At these temperatures holes are
ejected from energy levels above valence band. Deep level defects and impurities
are responsible for such energy levels. The TAC activation energies for MMI and
MPI films are 90 and 120 meV, respectively. However, the CZTS films prepared
from MGI reveal TE over GBB conduction obeying Seto’s model [6]. This is
probably because sizes of grains in MGI films are larger than the depletion width
and hence gives rise to barriers at the grain boundaries. The conduction modes in
CZTS films produced from MMI, NPI and GMI from 77 to 300 K are summarized
in Table 77.2.
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Fig. 77.2 Temperature variation of electrical conductivity of CZTS films deposited from
a molecular methanolic ink, b Nanoparticle ink and c molecular glycolic ink
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77.4 Conclusions

Electrical properties of ink-deposited p-type CZTS films with different
microstructures have been investigated from 77 to 300 K. The transport of holes is
by either hopping in defect states or thermally activated band conduction depending
on the temperature range and microstructure of film.
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Fig. 77.3 Validation of hopping conduction in CZTS films deposited from a molecular
methanolic ink: M-VRH, b nanoparticle ink: M-VRH and c molecular glycolic ink: NNH

Table 77.2 Modes of electronic transport in CZTS films from 77 to 300 K

CZTS
films

Grain size
(µm)

Conduction modes in temperature range (K)

Hopping (EH meV) Band conduction (EA meV)

M-VRH NNH TAC TEGB

MMI None 77–150 – 200–300 (90) –

NPI 0.2–0.4 77–180 – 200–300
(120)

–

MGI 0.4–0.5 – 85–180
(32)

– 200–300
(95)

Bold denotes the value of activation energy
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Chapter 78
Study of Thermally Annealed GaSbBi
Quantum Dots Grown on GaAs
by Liquid Phase Epitaxy

M. K. Bhowal, S. C. Das and S. Dhar

Abstract Self-assembled GaSbBi quantum dots grown on GaAs substrates by
liquid phase epitaxy (LPE) technique and subjected to rapid thermal anneal
(RTA) are investigated. Atomic force microscopy shows a triangular shape of the
dots with most of them falling in the size ranges of 15–20, 20–25 and 35–40 nm.
Photoluminescence (PL) measurements at 10K indicate three QD emission bands
due to these three size bands.

78.1 Introduction

Recently there has been a great deal of interest in group III–V semiconductor
quantum dots (QDs) for the fabrication of optoelectronic [1, 2] and charge storage
devices [3]. Molecular beam epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD) [4] techniques are mostly used for the growth of QDs. We
have earlier reported the growth and characterization of GaSbBi QDs on GaAs
substrates by liquid phase epitaxy (LPE) technique [5], which have prospective
applications in LEDs and sensors in 3–5 µm frequency range. In this present work,
we show that a post-growth rapid thermal anneal (RTA) can substantially improve
the luminescence properties of the QD which is dependent on the size of the dots.
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78.2 Experimental Procedure

GaSbBi QDs on GaAs were grown in a conventional horizontal sliding boat LPE
reactor, made using a semi-transparent gold furnace (Thermcraft Inc., USA). A high
purity quartz reactor tube (Heraeus Quarzglas, Germany) is inserted into the fur-
nace. The furnace has a flat 25 cm long central temperature zone and inside this flat
zone a high purity graphite growth boat (Poco Graphite Inc., USA) is placed. The
furnace may be programmed to increase or decrease the furnace temperature at rates
as low as 0.1 °C/min. The growth process for GaSbBi/GaAs QDs have been
described earlier [5]. In this work, we subjected the grown QDs to rapid thermal
anneal in vacuum where the sample temperature was increased to 630 °C in 15 s
and held there for 30 s. The shape and dimensions of the QDs were investigated by
atomic force microscopy (AFM). Photoluminescence (PL) from the annealed QDs
were studied at 10 K and above by mounting the sample in an APD Cryogenics
closed cycle helium cryostat. PL excitation was provided by 532 nm chopped light
from a diode pumped solid state laser (RGBLase LLC, USA). Luminescence from
the layer surface was analyzed using a 0.5 m spectrometer (Acton Research
Corporation, USA) with a resolution of *0.2 nm and detection is done in a cooled
InGaAs detector coupled with a Stanford lock-in amplifier.

78.3 Result and Discussion

3D AFM image of GaSbBi QD, after RTA, is shown in Fig. 78.1a. The QDs are
triangular shaped with an approximate Gaussian distribution around a mean height
of*14 nm, as is shown in Fig. 78.1b. The size distribution of the QDs showed that
most of them belonged to the three different size groups of 15–20, 20–25 and 35–
40 nm. Figure 78.2 shows the 10K PL spectrum of sample. The peak at 1.49 and
1.45 eV are respectively identified with electronic transitions from conduction band
to CAs acceptor levels [6] and antisiteGa defects [7]. The lower energy peaks at
0.745 and 0.77 eV are due to GaSb wetting layers over which the QDs nucleated.
Finally, the three small and broad features with peak energies corresponding to
1.357, 1.322 and 1.29 eV are associated with emission from QDs with three dif-
ferent sizes. These peaks were not separately observed in our earlier study in
as-grown QDs. PL intensity decreases at the tail side which is due to Bi fluctuation
and clustering. The temperature dependence of PL from these three peaks, shown in
Figs. 78.3 and 78.4, indicate an almost S-like behaviour of emission energies which
is characteristics of depopulation of Bi related localized states at elevated
temperatures.
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Fig. 78.1 a 3D AFM images of GaSbBi/GaAs quantum dots and b high distribution of QDs
obtain from AFM
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Fig. 78.2 Photoluminescence of GaSbBi/GaAs quantum dot system, obtained at 10K
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78.4 Conclusion

In conclusion, type-II self-assembled GaSbBi QD, grown on GaAs by liquid phase
epitaxy, and subjected to rapid thermal annealing are studied by AFM and 10K PL
techniques. PL spectrum of QD shows three different clear peaks which are related
to the observed three different size groups of the dots. Our result demonstrates that
RTA at suitable temperature can result in a significant improvement in the optical
properties of QDs.

Fig. 78.3 Temperature
dependent PL spectra of
GaSbBi/GaAs QDs

Fig. 78.4 Temperature
dependence of PL peak
position for the peak 1.357
(E1), 1.322 (E2), 1.29 (E3) eV
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Chapter 79
Growth Mechanism and Structural
Characterization of Nano-crystalline
Diamond (NCD) and Micro-crystalline
Diamond (MCD) Films Deposited
on Silicon Substrates

Amal Das, Deleep R. Nair, Amitava Dasgupta
and M. S. Ramachandra Rao

Abstract In this work, diamond thin films were deposited using hot filament
chemical vapour deposition (HFCVD) technique on Si substrate. Diamond films are
typically classified into nano-crystalline diamond (NCD; grain size <100 nm) and
micro-crystalline diamond (MCD; grain size >500 nm) based on their grain size.
Process parameters such as the ratio of methane and hydrogen concentration (%
CH4/H2) and chamber pressure were varied to grow MCD and NCD films. NCD
and MCD films will be used as substrate to improve the performance of MEMS
resonator. Structural characteristics and quality of the MCD and NCD films were
confirmed using Raman spectroscopy and the surface features were imaged using
high resolution scanning electron microscopy (HRSEM).

79.1 Introduction

Diamond thin films exhibit superior mechanical and physical properties such as
very low friction coefficient (*0.02), large elastic modulus (*1050 Gpa), high
acoustic velocity (*18,000 m/s), high thermal conductivity (*400 W/mk) and
high hardness (*90 Gpa). Due to these properties, MCD and NCD films have been
widely used in various fields, including coating, Surface Acoustic Wave
(SAW) sensors, Bulk Acoustic Wave (BAW) devices and recently in Thin film
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Piezoelectric on Diamond (TPoD) resonators [1, 2]. HFCVD technique is one of the
best technique to grow diamond films, starting from micro-crystalline diamond
(MCD, � 500 nm grain size) to nano-crystalline diamond (NCD, *6 to hundreds
of nm grain size) [3].

79.2 Growth Mechanism of Diamond Using HFCVD

To grow diamond by using HFCVD technique we need methane (CH4) and
hydrogen (H2) gas. When the hydrogen molecules pass through the hot filament
(*2000 °C) assembly then diatomic hydrogen dissociates into atomic hydrogen
via the following reaction

H2 , H
� þH

� ð79:1Þ

The abundance of H atoms dissociate the carbon containing gas molecules by the
following two equations

CH4 þH
� ! CH3 þH2 ð79:2Þ

CH3 þH
� ! CH2 þH2 ð79:3Þ

At this stage hydrogen plays a key role to stabilize the diamond phase and keep
continues diamond growth by etching the sp2 carbon atoms. It prevents the for-
mation of long chain hydrocarbons by continuous breaking the bonds [4].

79.3 Experimental Details

Diamond deposition has been done in HFCVD reactor. We maintained the growth
parameters as mentioned in Table 79.1 for MCD and NCD deposition on silicon
substrate. Grain size of the diamond, starting MCD to that of NCD can be con-
trolled typically by changing the methane concentration and chamber pressure.

Table 79.1 Growth
parameters for the deposition
of NCD and MCD films

Type % [CH4/H2] Pressure (Torr) Time (h)

NCD 4 16 4

MCD 2.6 37 4
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79.4 Characterization

Raman spectroscopy is one the most useful technique to distinguish between the
NCD and MCD film. Figure 79.1a, b shows the Raman spectra of NCD and MCD
films. We have observed a distinct sharp peak around 1334 cm−1 in the Raman
spectrum of the MCD films, which indicates the characteristic peak of high quality
polycrystalline diamond. In contrast, Raman spectrum of the NCD shows broad-
ened peak at 1334 cm−1. This broadening of peak was due to the decreased grain
size of the diamond [5, 6]. For NCD, two other peaks were found named as m1
(1137 cm−1) and m3 (1490 cm−1) which are characteristic of in-plane (C–H) and
stretching (C=C) vibrational modes, respectively. Presence of these modes indicates
the existence of trans-polyacetylene (TPA) chain in the grain boundaries and known
as characteristic of NCD [7].

Figure 79.2a, b show the surface topography of the MCD and NCD films
deposited using the growth parameters presented in Table 79.1. For MCD, the
average grain size was *600 nm and for NCD it was *40 nm.

Growth rate of the MCD and NCD films was estimated by measuring their
thickness. NCD and MCD films were deposited for 4 h and cross-sections of these
films were observed by using HRSEM. Figure 79.3a, b show the cross-sectional
morphology of the MCD and NCD films, respectively. The thickness of the MCD
and NCD film was *1.8 and *1.2 lm hence the average growth rate was *0.45
and *0.3 lm/h respectively. We observed higher growth rate of MCD as com-
pared to NCD because of the continuous columnar grain growth [8].

Fig. 79.1 Raman spectra of the a MCD and b NCD films on silicon
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79.5 Conclusion

In this paper, we studied the various process parameters for MCD and NCD film
growth on silicon substrate using HFCVD technique. Nano-crystallinity and
micro-crystallinity of the films were confirmed using Raman spectroscopy.
Cross-sectional studies have given the average growth rate of MCD and NCD.
From structural and microstructural characteristics it is observed that NCD and
MCD films are clearly distinct from each other with respect to crystallinity and
surface topography.

Acknowledgements The authors would like to thank Department of Information Technology
(DeitY), Govt. of India for their support. MSR would like to thank the financial support of DST,
New Delhi (Grant # SR/NM/NAT-02/2005).

Fig. 79.2 Surface topography of the a MCD and b NCD films on silicon obtained using HRSEM

Fig. 79.3 Cross-sectional morphology of the a MCD and b NCD films
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Chapter 80
Structural and Electrical Characteristics
of HfO2 Film Deposited by RF
Sputtering and Plasma Enhanced
Atomic Layer Deposition

Prashant Singh, Rajesh Kumar Jha, Rajat Kumar Singh
and B. R. Singh

Abstract We report the effect of annealing on the structural and electrical properties
of thin HfO2 film deposited on p <100> silicon substrate by RF sputtering and
Plasma Enhanced Atomic Layer Deposition techniques (PEALD). Multiple angle
ellipsometric analysis in the range 65–80° shows the variation of refractive index in
the range of 1.9–2.6 for PEALD HfO2 and 2.74–2.9 for sputtered HfO2 annealed in
the temperature range of 450–600 °C. Grazing incidence angle X-Ray diffraction
result shows the orthorhombic film structure with <121> and <111> dominant
peaks for the PEALD and sputtered HfO2 film respectively. Electrical measurements
on the MIS capacitor structure shows the positive flatband voltage of 1.7 V, leakage
current of the order 10−11–10−12 A/cm2 and the breakdown voltage of 36 V for
PEALD deposited film at the annealing temperature of 500 °C. For the sputtered
deposited film, at the same annealing temperature, the flatband voltage is 0.5 V and
the leakage current density of the order 10−5–10−6 A/cm2 with a breakdown voltage
of 30 V has been observed.

80.1 Introduction

Silicon dioxide has been used as the preferred gate dielectric material in the MOS
devices over more than five decades in the semiconductor industry. So far, the
excellent material and electrical properties of SiO2 has made its scaling possible to
integrate it on the MOSFET gate with continuously reducing dimensions following
Moore’s law [1]. As the present technology node is in sub 100 nm regime and the
SiO2 gate dielectric is scaled down to below 2 nm, the gate leakage current has
increased above 1 A/cm2 at 1 V due to direct electron tunneling. This has increased
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the leakage current which in-turn results in the escalated power dissipation and risk
of dielectric breakdown [2, 3]. To overcome this limitation, application of high-
k material at the MOSFET gate has been proposed to achieve large physical
thickness of the dielectric.

Different high-k dielectric materials were developed and their properties were
explored to match the performance of conventional SiO2 gate dielectric.
Thermodynamic stability with silicon, interface charge density, electronic defects in
oxide and controlled deposition of the dielectric material are few major concerns for
the selection of gate dielectric materials. Hubbard and Schlom [4, 5] suggest the
possible oxide from column II, III and IV of the periodic table that might serve as
the effective gate oxide with silicon, which are Al2O3, ZrO2, HfO2, Y2O3, La2O3

and various lanthanides. Different studies were made to investigate the properties of
these suggested oxides and HfO2 (k * 25) was emerged as a promising candidate
for high-k gate dielectrics [6, 7]. The high heat of formation (271 K cal/mol) of
HfO2 has made it thermodynamically stable and its high bandgap (5.8 eV) is suf-
ficient to inhibit the conduction by Schottky emission of electrons and holes into the
oxide layer [8].

In this study, sputtering (physical vapour deposition) and Atomic layer depo-
sition (ALD) technique has been used for the deposition of HfO2. Sputtering is
selected as it is broadly available technique and produces pure oxides, whereas the
selection of ALD is based on its capability to produce highly conformal, pinhole
free oxide film. The effect of deposition technique and the annealing temperature on
the film structural and electrical properties has been investigated and discussed.

80.2 Experimental Details

The hafnium dioxide films were deposited by RF-Sputtering and PEALD on the
single side polished, 2″ diameter, CZ, p-type <100> silicon substrate having
resistivity 1–10 Ω cm−1. Substrate was cleaned using ultrasonic bath and standard
RCA cleaning process before loading to the vacuum chamber. Different deposition
and process parameters used in the PEALD and sputtering are summarized in
Table 80.1 shown below.

After thin film deposition, annealing in the range of 450–600 °C was carried out
in the presence of nitrogen for 30 min in a quartz annealing chamber procured from
M/s Thermco system, UK. The deposited film thickness and refractive index was
measured using SE400adv multiple angle laser ellipsometer operated on 632.8 nm
HeNe laser procured from M/s SENTECH Instruments GmbH. X-Ray Diffraction
analysis was carried out using CuKa laser with wavelength 1.54 (Å) to investigate
the film crystal orientation. The top circular contact was fabricated on the annealed
dielectric film by thermally evaporating 99% pure aluminum wires using a shadow
mask of area 3.14 � 10−4 cm2. Finally, the electrical characterization of MIS
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capacitor was carried out at the frequency of 70 kHz in different voltage range
using keithley 4200 Semiconductor Characterization System procured from Ms.
Tektronix Inc., USA.

80.3 Results and Discussion

80.3.1 Deposition Process Optimization

Figure 80.1 shows the HfO2 thickness variation with the number of ALD cycles
and deposition time for PEALD and Sputtering respectively.

Table 80.1 Deposition and process parameters for HfO2 deposition

Deposition
process

PEALD Sputtering

Process
material

Tetrakis(dimethylamino) hafnium, 98+% (99.99+%-
Hf, <0.2%-Zr) precursor

99.99% pure
HfO2 target

Base pressure 3.3 Pa 5 � 10−5 mBar

Working
pressure

27.13 Pa 1.1 � 10−2 mBar

Argon gas flow
rate

– 13 sccm

Oxygen gas
flow rate

75 sccm –

RF power 200 W 75 W

Substrate
temperature

200 °C Room
temperature

Fig. 80.1 HfO2 film thickness at different parameters, deposited by a PEALD, and b sputtering
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For PEALD the deposition rate of 0.2857 nm/cycles was obtained at the RF
power of 200 watts and the substrate temperature of 200 °C. In case of sputtering,
the deposition rate of 2 nm/min was obtained for the RF power density of 0.93 W/
cm2 and when the substrate kept at room temperature. Further, for the present
experimental work, 10 nm thin HfO2 film was deposited by both the techniques,
annealed and their structural as well as electrical properties were investigated.

80.3.2 Structural Characterization

Figure 80.2 shows the refractive index of the HfO2 film deposited by sputtering and
PEALD annealed at different temperatures.

Refractive index of PEALDHfO2 lies in the range of 1.9–2.6 and sputteredHfO2 in
the range of 2.74–2.9. It has been observed that the refractive index increases with the
annealing temperature up to 550 °C and decreases with further temperature incre-
ment. Increase in the refractive index is attributed to the increase in thefilm density [9].
The as-deposited films are amorphous in nature contains different defects and shows
stress depending on the deposition techniques. Annealing at different temperature
reduces these defects with the rearrangement of deposited atoms and reduces stress.
The crystal orientation of the 10 nm deposited film annealed at the different tem-
peratures obtained from XRD analysis is shown in Fig. 80.3.

XRD data of PEALD deposited HfO2 film compared with the JCPDS data
(No. 21-0904), shows the dominant peak of (121) at 2h = 45° for the annealing
temperature of 500, 550 and 600 °C, also at the annealing temperature of 550 °C, the
film shows an additional peak of orientation (002) at 2h = 32°. Presence of no sig-
nificant peak at the annealing temperature of 450 °C shows that the film is either
amorphous or does not possess any particular crystal orientation. The sputtered HfO2

Film shows the dominant orientation of (111) at 2h = 30°. The crystal orientations
clearly indicate the presence of orthorhombic phase in PEALD and Sputtered
deposited film.

Fig. 80.2 Refractive index of
sputtered and PEALD HfO2

film annealed at different
temperature
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80.3.3 Electrical Characterization

The fabricated Metal/HfO2/Silicon capacitor is electrically characterized in order to
investigate the leakage current density, the results obtained are shown in Fig. 80.4.

The leakage current density depends on the film crystal structure, its stoi-
chiometry, and the HfO2/Si interface. As the XRD data show the PEALD film more
sensitive to the annealing temperature than the sputtered HfO2 film, similarly large
variations in the leakage current density in the PEALD film with annealing tem-
perature were observed than in the sputtered HfO2 film. For the PEALD HfO2 film
annealed in the temperature range of 450–550 °C, the maximum leakage current
density is observed in the range of 10−11–10−12 A/cm2 for the bias voltage of

Fig. 80.3 XRD data of HfO2 film annealed at different temperature, deposited by a PEALD, and
b sputtering

Fig. 80.4 J–V characteristics of HfO2 film annealed at different temperature, deposited by
a PEALD, and b sputtering
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±10 V. At the annealing temperature of 500 °C, hopping current mechanism at low
gate voltage and positive voltage shift of 2 V in the minimum current density is
observed. The hopping current is due to charge tunneling through the defects
present in the annealed film and the positive voltage shift is due to the presence of
negative charges at the HfO2/Si interface. Similarly, for the film annealed at 600 °
C, the minimum current density is observed at −1 V which is the indicative of
positive charges at the HfO2/Si interface. Presence of positive and negative charges
were further investigated and confirmed from the C–V characteristics. A trend of
decrease in the leakage current density is observed for the annealing temperature
from 450 to 500 °C, which is due to the increase in the film crystallinity. The
leakage current further starts increasing with the annealing temperature and an
increment of five order is observed at 600 °C, which is probably due to the loss in
film crystallinity, increase in film defects and degradation of deposited film. For the
sputtered HfO2 film, the current density varies in the range of 10−3–10−5 A/cm2 for
the different annealing temperatures. For the deposited film with both techniques,
symmetrical leakage current density at higher gate voltage (±10 V) is observed. It
indicates the presence of schottky and Frenkel-Poole emission at the Al/HfO2 and
HfO2/Si interface. Figure 80.5 shows the capacitance versus voltage characteristics
of the MIS capacitor with HfO2 film deposited by PEALD and Sputtering, annealed
at different temperatures.

Effect of annealing temperature on the device flatband voltage is clearly visible
from the C–V characteristics. At the annealing temperature of 500 °C the device
shows a positive flatband shift of 1.7 and 0.5 V for PEALD and Sputter deposited
HfO2 film respectively. This flatband shift is attributed to the negative charges
generated at the HfO2/Si interface. For PEALD and sputtered HfO2 film, the
magnitude of negative charge density at the annealing temperature of 500 °C is
48.74 � 1010 and 42.67 � 109 respectively. The shift in flatband voltage and
interface charges are responsible for the shift in minimum leakage current density as

Fig. 80.5 C–V characteristics of HfO2 film annealed at different temperature, deposited by
a PEALD, and b sputtering
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seen from the J–V characteristics in the earlier section. The two films which shows
minimum leakage current are then selected and their breakdown voltages were
investigated, shown in Fig. 80.6.

A ramp voltage stress has been applied across the deposited film and the cor-
responding stress current was measured, an instant increment in the stress current
decides the film breakdown and the corresponding voltage is breakdown voltage.
For the PEALD and sputtered film, the breakdown voltages were found as 36 and
30.4 V respectively.

80.4 Conclusion

The HfO2 film was deposited by PEALD and Sputtering techniques, multiple angle
ellipsometry, and X-ray diffraction analysis of the annealed films shows the
refractive index and film orientation. MIS capacitor was fabricated and electrically
characterized to obtain the C–V, J–V and breakdown voltages. Results indicate that
the film deposited by PEALD and sputtering annealed at 500 °C shows lower
leakage current and positive flatband voltage. This film may serve as an effective
dielectric layer in FeFET and passivation layer in the solar cell.
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Chapter 81
Effect of Samarium Coordination
on the Structural, Thermal
and Optical Properties of Salicylic
Acid Single Crystal

Harjinder Singh, Goldy Slathia, Bindu Raina and K. K. Bamzai

Abstract Role of materials as a single crystal is invaluable not only for device
application point of view but also for scientific investigations. Rare earth coordi-
nated with salicylic acid has been grown in the form of single crystal because these
crystals have tremendous application in optical devices. Samarium coordinated with
salicylic acid was successfully grown as a single crystal by low temperature
solution technique using mixed solvent of methanol and water in equal ratio.
Structural characterization was carried out by single crystal X-ray diffraction
analysis and it crystallizes in centrosymmetric space group P121/c1 with lattice
parameters a = 4.9149 Å, b = 11.1937 Å, c = 11.5301 Å and a = 90°,
b = 89.271°, c = 90°. Thermal stability of the crystal was analyzed by thermo
gravimetric / differential thermo analytical (TG/DTA) studies. UV—Vis—NIR
study suggests that the crystal is highly transparent in the visible region.

81.1 Introduction

Developing a material based on rare earth coordination compounds has recently
attracted a lot of interest in the scientific community as they play key role in
material science, electrochemistry, catalysis, industry organic synthesis and non
linear optics. In the lanthanide series, as the 4f shells are unfilled, different
arrangements of 4f electrons generate different energy levels. The 4f electron
transitions between the various energy levels could generate numerous absorption
and emission spectra. Thus, there are numerous interesting and important properties
with respect to their mechanical, optical, thermal and electronic behavior. Salicylic
acid is a type of aromatic carboxylate ligand with one carbonyl and one hydroxyl
arranged in a 1, 2—fashion around the central aromatic group and has capability to
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form various coordinated structure. In the recent years, the considerable effort has
been concentrated on the design and synthesis of metal—organic frameworks.
Semi-organic non linear optical crystals have large mechanical strength and
chemical stability [1, 2] when compared to organic crystals but it is difficult to grow
large size and high quality crystals. In the present study, samarium chloride coor-
dinated with salicylic acid single crystal has been grown and subjected to various
characterizations which were discussed in detail.

81.2 Experimental

81.2.1 Material Preparation

Single crystals of samarium chloride coordinated with salicylic acid abbreviated as
SmSwere synthesized at room temperature by slow evaporation of themixed solution
of methanol and water. Equimolar solution of samarium chloride and salicylic acid
was prepared and allowed to evaporate in the pettry dish. After the growth period of
10 days, good quality single crystals had been harvested from the solution.

81.3 Results and Discussion

81.3.1 Single Crystal X-Ray Diffraction

The transparent and high quality single crystal was subjected to single crystal XRD
analysis at room temperature and it had been revealed that the crystal belongs to
monoclinic system with centrosymmetric space group P121/c1. The lattice
parameters of SmS are a = 4.9149 Å, b = 11.1937 Å, c = 11.5301 Å and a = 90°,
b = 89.271°, c = 90° with volume V = 634.29 (Å)3.

81.3.2 Thermal Decomposition

Thermal investigations of SmS crystals has been analysed by thermogravimetric
and differential thermal analysis using DTG—60 (SHIMADZU JAPAN) at a
heating rate of 10 °C per minute in air from temperature up to 1000 °C.
Simultaneous recording of TGA/DTA curves of SmS is shown in Fig. 81.1. It has
been observed from the graph that material remains thermally stable up to tem-
perature of 122.5 °C and after that it starts decomposing. There is no loss of water
molecules before thermal stability point and no endothermic peak is observed
before decomposition is recorded.
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The overall decomposition process can be divided into two consecutive stages.
The first stage of decomposition starts from 122.5 °C and terminates at 179 °C;
there is a mass loss of 26.7% which may be due to the loss of dehydration of lattice
water and water of coordination. On subjected to continuous heating, second stage
starts from 179.5 °C and end at 229.77 °C. During this stage the weight loss is
71.5% which is due to complete decomposition of material and finally left with
Samarium.

Corresponding to all the stage of decomposition, there are three endothermic
peak in DTA curve. More than one endothermic peak may be due to the complex
formation of the material [3]. The first endothermic peak in DTA curve appears at
161.42 °C and it correspond to the first stage of TGA curve. This endothermic peak
also corresponds to the melting point of the material [4]. The second endothermic
peak at 201.87 °C corresponds to the second stage of TGA curve. This endothermic
peak also corresponds to the decomposition of the material. The third endothermic
peak at 347.97 °C having no weight loss shows that the decomposed product will
move to more crystalline form.

81.3.3 Optical Study

The maximum absorbance occurred in the UV region and there is about 95%
transmittance in the visible and NIR region as seen in Fig. 81.2. The transmittance

Fig. 81.1 Thermograph showing simultaneous recording of TGA/DTA curves of SmS
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cutoff of the material is found to be at lower wavelength (361 nm) which shows that
the material can be used for optical applications. The property of high transmittance
in the visible region and low transmittance in the UV region make the material
efficient to screening off UV portion of electromagnetic spectrum in UV filters and
sensors [5]. The property of high transmittance and low reflection in the visible
region shows that the material can be used as transparent windows in solar cells.
The band gap of the material is calculated by using tauc relation and its value is
3.43 eV.

81.4 Conclusion

Slow evaporation technique has been adapted to grow needle type samarium
chloride coordinated with salicylic acid single crystal. Single crystal XRD of the
crystals revealed that they belong to centrosymmetric space group P121/c1.
Thermal decomposition confirms that the material is stable up to a temperature of
122.5 °C and then decomposition is completed in two stages. The end product
found is samarium at 229.77 °C. The material exhibits high transmittance of about
95% in the visible region and poor transmittance in the UV region which clearly
suggests its suitability for optical properties.
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Chapter 82
Crystal Growth, Structural and Optical
Characterization of Lanthanum
Chloride Urea–Thiourea Semi-organic
Complex

Goldy Slathia, Harjinder Singh and K. K. Bamzai

Abstract Preparation of materials in the form of single crystals has remained a
subject of interest in the field of semiconductor and optoelectronic industry. In
recent times, the organic and compound semiconductors have received keen interest
in high frequency, high power electronics and optoelectronic applications. In pre-
sent work, the crystal growth, structural and optical properties of lanthanum
chloride urea–thiourea semiorganic complex is reported. The titled complex is
grown in single crystal form by solution method. The solution grown crystals were
subjected to single crystal X-ray diffraction that establishes the orthorhombic
structure for the complex with lattice parameters a = 7.676 Å, b = 8.564 Å,
c = 5.498 Å, a = b = c = 90° and centerosymmetric space group Pnma. Fourier
transform infra red spectroscopy establishes the functional groups and structure of
the complex. The UV-VIS absorption spectra consists of two strong absorption
peaks at 224 and 277 nm that are assigned to p − p* and n − p* transitions
occurring in the complex. The grown crystals are characterized as the direct band
gap materials with band gap value in the range 4.12–4.76 eV.

82.1 Introduction

The organometalic and coordination chemistry of rare earth metals has been orig-
inated from extraction and separation of rare earth ions [1]. The rare earth metals
containing partially filled 4f orbitals are known for their fruitful optical and mag-
netic properties. When coordinated to organic ligands, their optical and magnetic
behaviour is enhanced and can be predicted by means of ligand field theory. In
addition to their peculiar physical behaviour, their chemical activities viz. catalytic
behaviour under the coordination of organic ligands is well explained by means of
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molecular orbital theory [2]. The rare earth metal complexes with Schiff base
ligands satisfy the criteria of multifunctional materials. These complexes are grown
by several researchers and are studied for their promising magnetic [3, 4], lumi-
nescent and biological properties [5–7]. The present investigations are focussed on
establishing the growth, structure and optical properties of lanthanum chloride
urea–thiourea single crystal.

82.2 Experimental Methods

Slow evaporation method was employed for the growth of lanthanum chloride
urea–thiourea semi-organic complex. In this method of crystal growth, the
equimolar solution of urea and thiourea was prepared in distilled water at room
temperature. To this prepared solution, lanthanum chloride was added and the
resulting solution was stirred using a magneti stirrer for about three hours. The
prepared solution was poured in crystallizing dishes and kept in undisturbed sur-
roundings for evaporation.

82.2.1 Single Crystal X-Ray Diffraction

Lanthanum chloride coordinated urea–thiourea single crystals were subjected to
single crystal X-ray diffraction that suggests orthorhombic crystal system with
structural cell parameters be a = 7.676 Å, b = 8.564 Å, c = 5.498 Å,
a = b = c = 90°.

82.2.2 Fourier Transform Infrared Spectroscopy

Figure 82.1 shows the FTIR spectra of lanthanum chloride urea–thiourea crystals
recorded in the range 400–4000 cm−1 respectively. The FTIR bands in the region
3370–3099 cm−1 are assigned to combined vibrations of coordinated O–H
stretching and NH2 symmetric and asymmetric stretching modes. The bands
observed at 2110 and 2034 cm−1 confirms the formation of M-SCN mode of
coordination, where M in the present case is lanthanum (La). The FTIR bands
observed at 1612 and 1589 cm−1 are attributed to combined effect of NH2 bending
and C=O stretching vibrational modes. Transmittance dip observed at 1467 cm−1 is
assigned to C–N stretching mode. C–S asymmetric stretching vibration is observed
at 1415 cm−1, while, C–N stretching mode appears at 1085 cm−1. The intense band
situated at 728 cm−1 is attributed to symmetric C–S stretching vibrations. The
bands observed at 632 and 623 cm−1 are assigned to N–C–S bending, while the
bands at 499, 468 cm−1 are attributed to N–C–N bending mode.
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82.2.3 UV-VIS Absorption Spectroscopy

The absorption spectra (Fig. 82.2a) consist of two highly intense absorption bands:
one at 224 nm and the other 277 nm in the UV region. These strong absorption
peaks are assigned to p − p* (224 nm) and n − p* (277 nm) transitions. The direct
band gap was calculated by plotting (ahm)2 as a function of hm. Figure 82.2b shows
the variation of (ahm)2 as a function of hm. The direct band gap was determined by
extrapolating the linear portion of the resulting curves on the photon energy axis
that comes to be in the range 4.12–4.76 eV.

82.3 Conclusion

Lanthanum chloride urea–thiourea semi-organic complex grown by slow evapo-
ration technique belongs to orthorhombic structure with lattice parameters
a = 7.676 Å, b = 8.564 Å, c = 5.498 Å, a = b = c = 90°. FTIR studies confirm
the complex formation and coordination mode. High transmittance exhibited by the
grown complex fulfills the criteria for applications in antireflection coating in solar
thermal devices.

Fig. 82.1 Fourier transform infrared spectra for lanthanum chloride urea–thiourea crystal
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Fig. 82.2 a Absorption spectra for lanthanum chloride urea–thiourea crystal. b Variation of
(ahm)2 as a function of hm
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Chapter 83
Band Gap Tailoring and Raman Studies
of Mn Doped ZnO Thin Film Deposited
by Ultrasonic Spray Pyrolysis

Monoj Kumar Singha and K. G. Deepa

Abstract The pristine and Mn doped ZnO thin films are deposited using low cost
ultrasonic spray pyrolysis system at different temperatures (400, 450 and 500 °C).
The doping concentration of Mn was varied from 2 to 20% in the film. The
deposition temperature has no effect on band gap of 5% Mn doped ZnO and it is
found to be *3.27 eV for different deposition temperatures. The deposition tem-
perature is found to affect the band gap of undoped ZnO and it decreases from 3.21
to 2.93 eV with increase in deposition temperature. This is due to compressive
stress relaxation in the films. The transmittance of Mn doped ZnO thin films
increases in the visible region. Raman spectra shows that Mn doped ZnO has broad
band in the range of 500–600 cm−1 and second order vibration is more prominent
in Mn doped ZnO film with broadening of the E2 peak because of scattering
geometries.

83.1 Introduction

ZnO having band gap of*3.3 eV has many application in research like gas sensor,
biosensor, photodetector, solar cell, light emitting diods, UV lasers, field emission
displays, memory devices and photo catalysis [1–7]. Nowadays, research activities
are going on to modify the properties of ZnO by doping different metals
(Transitional metals) like Mn, Al, Ni, Cu, Co, Sb etc. The properties of ZnO can be
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tuned by choosing the appropriate dopants. Mn doped ZnO can be used for room
temperature ferromagnetism application. Due to ferromagnetism property, Mn
doped ZnO can be useful for spintronics application [8]. Metal doped ZnO is
formed either in nanoparticles form or in the form of thin film by using
hydrothermal method, thermal evaporation, sputtering or spray pyrolysis. Spray
pyrolysis is simple and inexpensive method compared to thermal evaporation and
sputtering techniques. In this we have used an indigenously developed automated
ultrasonic pyrolysis system for deposition of undoped and doped ZnO thin films.
The effect of deposition temperature and Mn doping on the optical and structural
properties of ZnO is studied. Raman spectroscopy was used to find the defects and
disorder induced by incorporating Mn into the ZnO lattice.

83.2 Aim of the Study

We have varied the deposition temperature and concentrations of Mn in ZnO to
check how the band gap, transmittance of the undoped and doped thin film changes.
Also Raman studies are carried out on the pristine and Mn doped ZnO film
deposited at 500 °C.

83.3 Methods

Mn doped ZnO thin film was deposited on glass substrate by homemade automated
ultrasonic spray pyrolysis system with frequency of 1.7 MHz and air as carrier gas.
Zinc acetate dehydrate (Zn(CH3COO)2, 2H2O) and manganese acetate tetrahydrate
were mixed in 100 ml of 18.2 MX Millipore water at different concentrations.
Deposition temperature is varied from 400 to 500 °C with 45 min deposition time.
UV-VIS spectrophotometer (SPECORD S600-UV-VIS) was used to measure the
absorption and transmission spectra. LabRAM HR with laser light of 532 nm
wavelength was used to measure the Raman spectroscopy of the undoped ZnO and
Mn doped ZnO thin films.

83.4 Results and Discussions

Figure 83.1 shows the transmission spectra of undoped and doped ZnO thin films.
Among the pristine ZnO thin film deposited at different temperatures, highest
transmittance (*70%) in the visible light region is observed for those prepared at
450 °C. With increase in the temperature, transmittance reduces and also was not
uniform over the visible range. Transmittance spectra of Mn doped ZnO are
measured for films deposited at temperatures 400, 450 and 500 °C at different
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doping concentrations. In general, transmittance of the ZnO films is found to
increase with Mn doping. When the deposition temperature increases from 4000 to
500 °C, the transmittance (80%) increase with the doping concentration up to 5%
Mn doping in the ZnO thin film. This suggests that the film has good optical quality
up to 5% doping of Mn. Figure 83.2 shows the Tauc plot to determine the band gap
of doped and undoped ZnO thin films. It shows that for Mn doping concentration of
1–5% in ZnO films give almost constant band gap irrespective of the deposition
temperature. Table 83.1 shows the band gap value of doped and undoped ZnO thin
films. The band gap increases with Mn doping due to the replacement of Zn with
Mn. Another observation found from the band gap of ZnO thin film deposited at
different temperature is that highest band gap is obtained for the film deposited at
450 °C. The reason may be decrease of film defects and increase in the grain size
which makes the lower band bending in the grain boundary [9–11].

Figure 83.3 shows the Raman spectra of doped and undoped ZnO thin films. All
the samples showed modes corresponding to Hexagonal wurtzite structure with
space group P63mc. ZnO has mode of: A1 + E1 + 2E2 + 2B1. E2 (high) modes at
437 cm−1 and A1 (LO) mode at 574 cm−1 are the most prominent peaks for the

Fig. 83.1 Transmission spectra of undoped and doped ZnO film at different temperature and
concentration
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Fig. 83.2 Tauc plot to determine the band gap of undoped and doped ZnO film (500 °C
deposition temp)

Table 83.1 Band gap of doped ZnO

concentration of Mn
doping

Band gap at 400 °C
doped ZnO (eV)

Band gap at 450 °C
doped ZnO (eV)

Band gap at 500 °C
doped ZnO (eV)

0.001 3.248 3.196 3.211

0.002 3.211 3.233 3.219

0.0025 3.263 3.268 3.278

0.005 3.211 3.07 3.271

0.0075 3.255 3.056 3.248

0.01 3.187 3.248 3.259
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ZnO. Among these, A1 and E1 modes are active polar and E2 is nonpolar mode [12,
13]. E2 mode for ZnO is found to be at 433.81 cm−1. All the films (undoped and
doped) show peak near to *433 cm−1 which implies the tensile strain at the films.
Addition of Mn in the spray deposited film shows that the peak at 433 cm− 1 is
continuously broadened which indicates that the wurtzite crystal structure of ZnO
weakened by doping of more Mn in the films (3). Another peak observed at
379 cm−1 which denotes that Mn doping replaces the oxygen vacancy in the atom.
Second order vibrations (1050–1200 cm−1) are more prominent for doped ZnO thin
film and it is because of optical overtones and second order vibration modes. Peak
at 327 cm−1 is due to zone boundary phonons of the wurtzite structure [14–18].

83.5 Conclusion

Undoped and Mn doped ZnO thin film are deposited on sodalime glass substrate by
an indigenously developed automated spray pyrolysis method. Mn doping
improves the transmittance of ZnO films. Band gap of the Mn doped thin film was
found to be decreasing with the increasing concentration of Mn in the film. Band
gap of ZnO film is found to be constant for Mn doping percentages from 2 to 5%
irrespective of deposition temperature. The transmittance value increases up to 10%
Mn doping in the film. 5% of Mn doped film shows better optical properties.
Increasing of Mn doping in ZnO weaken the wurtzite crystal structure of the film.

Fig. 83.3 Raman spectra of undoped and doped ZnO
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Mn doping has also effect in increasing the raman peaks in the 520–580 cm−1

region. Second order vibrations are more prominent for the doped ZnO thin films.
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Chapter 84
Low Cost Alloy Deposition for High
Power Applications

Vishwas Saini, Khushbu, Deepak Bansal and Kamaljit Rangra

Abstract In this paper, we have reported a low cost method for depositing the hard
alloy materials for electrical contact as well as MEMS structure application.
Conventional methods of deposition like co-sputtering, e-beam PVD, etc. required a
high running cost and had a high waste generation due to poor selectivity of
deposition. The alloy formation was performed using a novel Electroplating method
of synthesis. Au–Co alloy is made using a single bath electrodeposition for Au–Co
thin films. XRD peaks analysis was used to confirm the alloy formation. AFM
analysis was used to study the grains size, and surface roughness and the hardness
measurement was performed using micro-indentation. The less surface roughness
and high strength (Hardened) gold alloy formation were observed for a neutral pH
(6.6 pH) Au–Co Alloy electroplating conditions. The low pH (4.0 pH) solution
results to higher surface roughness while higher pH of the solution was not suitable
for Au electroplating.

84.1 Introduction

Gold metal has broad application in MEMS because of its excellent physico-
chemical stability, low resistivity and superior electrical and thermal conductivity.
Gold is used for contact pads as well in MEMS structural fabrication of different
MEMS devices as RF-MEMS switches [1]. The conventional techniques like
sputtering are used to deposit soft gold thin films. However, adhesion onto silicon
has been problematic for gold thin films. A two-step electrodeposition process is
reported to overcome the adhesion problem for a silicon surface [2]. In this study, a
thin bilayer (Cr/Au) film, deposited by reactive co-sputtering was used before the
gold alloy electroplating.
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Gold alloys or a gold co-depositing with metals such as nickel, iron, and cobalt
(as hardening agents) have utilized in electronics application for electrical con-
nectors, PCBs, relays, and switches where the mechanical wear resistance is a
concern [3]. The inertness of gold restricts the alloy formation with other metals and
prevents the formation of insulating surface oxides. Gold deposits can be hard or
soft, dull or bright, depending on the impurities and deposition conditions. The
grains size for soft gold (1–2 mm) can be reduced using a cobalt hardened bath
(225-275A) [4].

84.2 Aim of the Study

Due to the complexity and extreme toxicity of the cyanide compound, in this study,
mixed sulfite-thiosulfate electrolyte bath is used. TSG-250, a ready-to-use gold
sulfite electroplating solution from Transene was used as a gold precursor. The bath
operates at a constant pH 6.0 while the cobalt concentration is varied to study the
cobalt hardened gold alloy thin film.

84.3 Methods

Additives free electroplating solutions are used to make an electrochemical cell
with two electrode system (cathode and anode). On applying the potential, the
deposition takes place at the cathode. We have electroplated gold alloy, using
3.0 mA/cm2 current density (Fig. 84.1).

During the deposition at cathode the following electrochemical reactions take
place:

Au Ið Þþ e� ! Au sð Þ ð84:1Þ

Co IIð Þþ 2e� ! Co sð Þ ð84:2Þ

84.4 Results and Discussion

From the XRD patterns (Fig. 84.2) and morphological changes as observed by
AFM (Fig. 84.3), confirms the alloy formation. Some new diffraction peaks in the
XRD pattern indicates a new phase formation for Au–Co thin film. A detailed study
of the newly formed phase and related changes in the properties explored the new
methodology of gold alloy for high power application.

The AFM results also indicate that the incorporation of Cobalt in the Gold elec-
trodeposition creates roughness to the gold surface and minimizes the surface shine too
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(can be visualized easily). The Au–Co alloy thin film at pH 6.6 has a root mean square
roughness of 0.004 µm, while for pure gold it is 0.007 µm. The low pH (4.0) Au–Co
alloy film electrodeposition conditions increase the roughness (Rq) to 0.019 µm.

Using the cobalt as a hardening agent more than 70% enhancement to the
hardness of gold thin film was observed at lower pH but with a very high surface
roughness (0.019 µm). The neutral pH cobalt hardened gold shows 14%
enhancement in hardness value with the considerably much low surface roughness
of 0.004 µm to that of pure gold (i.e. 0.007 µm) (Fig. 84.4).

Fig. 84.1 Schematic of an
electrochemical cell

Fig. 84.2 XRD of the
deposited Au–Co thin films
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Fig. 84.3 AFM results of the gold alloy thin films. a Surface roughness study, b phase study by
AFM images, c amplitude study of surface grains by AFM (i. Pure gold, ii. Au–Co alloy at pH 6.6,
iii. Au–Co alloy at pH 4.0)

Fig. 84.4 Hardness results of deposited alloy thin films. a Pure Au, b Au–Co at pH 6.6, c Au–Co
at pH 4.0, d hardness values of electrodeposited gold and alloy thin films

544 V. Saini et al.



84.5 Conclusion and Future Work

From this study we can conclude for the neutral pH and low cobalt concentration
(5 mM) conditions provide the low surface roughness cobalt hardened gold (Au–
Co Alloy thin film) which is a promising candidate to tackle the problems asso-
ciated with thin gold metal films (nanometric ranges) in the electronic semicon-
ductor applications.
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Chapter 85
Study of Cutting-Edge AFM Modalities
and SEM Techniques in Determining
Surface Parameters of Si{111} Wafer

Bokka Satya Srinivas, Veerla Swaranalatha,
Avvaru Venkata Narasimha Rao and Prem Pal

Abstract Etching mechanism and etched surface morphology of Si{111} is totally
differs from that of the other orientations. It has slowest etch rate in all kinds of wet
anisotropic etchants. Generally, the etched surface morphology of Si{111} much
smoother than other orientations and may vary with etching parameters such as
etchant type, etching temperature. To extract the accurate information of very
smooth surface, characterization technique plays an important role. In this work we
present the topographical analysis of etched Si{111} surfaces using SEM and AFM
techniques. Etching is performed in different concentrations of tetramethylammo-
nium hydroxide (TMAH) at two different temperatures.

85.1 Introduction

The characterization of very smooth surface morphology is a major concern to
acquire reliable information about the surface topography. In wet anisotropic
etching, Si{111} surface is very smooth due its slowest etch rate characteristic [1–
6]. Hence the characterization of etched Si{111} surface is an important concern.
Advance technique such as Atomic Force Microscope (AFM) is the good choice to
characterize the samples and to understand the topography and morphology features
of samples [7–10]. In this work we performed the detailed analysis of Si wafer
surface with {111} orientation etched in varying concentration of tetramethylam-
monium hydroxide (TMAH) (5 wt%, 10 wt%) at 65 and 75 °C temperatures.
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85.2 Aim(s) of the Study

Studying Si{111} wafer surface etched in varying concentration of TMAH at
different temperatures using Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (SEM) to extract accurate information of very smooth surfaces.

85.3 Method

Cz-grown one side polished 4-inch p-type {100}, {110}, {111} oriented silicon
wafers of resistivity from 1 to 10 Ω-cm are used. The wafers are diced into
2 � 2 cm2 pieces using a dicing saw. The diced samples are cleaned in piranha
bath (H2SO4:H2O2 :: 1:1) followed by de-ionized (DI) water rinse. Subsequently
samples are dipped into TMAH solution. Etching is carried out in 5 and 10 wt%
TMAH at two different temperatures (65 and 75 °C) using constant temperature
bath.

85.4 Results and Conclusions

Figure 85.1 presents the surface morphology of Si{111} wafer surface etched in
10% TMAH solution for 1 h at 65 and 75 °C observed using SEM and AFM with
contact and non-contact modes. It can be noticed that SEM and AFM are not
providing exactly same surface morphology for the same sample. In AFM images,
contact mode (Fig. 85.1a-ii, b-ii) and non-contact mode (Fig. 85.1a-iii, b-iii) exhibit
different surface morphology. Therefore, the selection of characterization technique
plays a very important to get the correct information about surface morphology.
Even though the resolving power of SEM and AFM techniques is similar in lateral
direction, AFM is a preferred technique to extract complete information about the
surface morphology of the samples with very flat surface. The main difference is
how these techniques collect the vertical information. AFM can collect the infor-
mation in all three directions unlike SEM which collect lateral information only.
Although the vertical data is generated with Height Algorithm programs in SEM,
the data collected is not accurate.

Most commonly used imaging modes in AFM for acquiring surface topography
are contact and non-contact modes. The advantage of the non-contact mode in
comparison with the contact mode is that it avoids the lateral and shear forces
present in the contact mode. This enables non-contact mode to image flat samples,
soft and adhesive surfaces without damaging them. In order to present the reliability
of AFM technique in non-contact mode for the characterization of flat surfaces, Si
{111} surface etched in TMAH solution is used. The scan size areas are varied from
5 lm � 5 lm down to 1 lm � 1 lm. The AFM images of Si{111} samples etched
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in the 10% TMAH at 65 and 75 °C temperatures are shown in Figs. 85.2 and 85.3,
respectively. Table 85.1 presents the average surface roughness (Ra) and Rms
surface roughness (Rq) for different scan areas for the sample etched in TMAH at
different temperatures. It can easily be observed from Table 85.1 that the surface

Fig. 85.1 Surface morphology of Si{111} sample etched in 10% TMAH at a 65 °C and b 75 °C
temperature

Fig. 85.2 AFM topograph of Si{111} sample etched in 10% TMAH at a 65 °C for 1 h
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roughness is almost same for different size scan areas. It indicates that the
non-contact AFM is an appropriate technique for the characterization of flat
surfaces.
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Table 85.1 Surface roughness of Si{111} etched in 10% TMAH

Temp Scaned Area
µm2

Avarage surface roughness
(Ra) nm

RMS surface roughness
(Rq) nm

65 °
C

5 � 5
1 � 1

0.376
0.395

0.472
0.503

75 °
C

5 � 5
1 � 1

0.221
0.201

0.177
0.154
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Chapter 86
Growth of Optical Grade Germanium
(Ge) Single Crystals by Czochralski
Technique

Sudeep Verma, Arun Tanwar, Vinod Kumar Gandotra,
Meenakshi Srivastava and R. K. Sharma

Abstract Antimony (Sb) doped Ge crystals are used in the form lenses, windows
and prisms in various infrared sensors. Present paper describes the growth of optical
grade Ge single crystals by Czochralski technique covering the growth process
modification and optimization for growing crystals of different diameters,
Sb doping and complete characterization.

86.1 Introduction

Germanium (Ge) has been a material of choice for fabrication of infrared optics
owing to its high refractive index, low absorption coefficient, high infrared trans-
mission, good machinability and high crystalline perfection [1]. Large diameter Ge
crystals are commercially grown using Czochralski pulling technique. Table 86.1
gives the specifications for optical grade Ge. For the improvement of infrared
transmission high purity intrinsic Ge material is doped with group -V element. The
doping should be done optimally to just compensate the holes which absorb higher
infrared in comparison to electrons. The selection of dopant depends upon its
atomic size, ionization energy, diffusivity and solubility in the solid and liquid
phase of Ge matrix. Antimony (Sb) is the most commonly used dopant for n-type
doping of Ge crystals due to its good diffusivity, lower ionization energy and larger
size resulting in easy generation of n-type carriers.

Ge lenses and windows of different dia. are required for the fabrication of
infrared sensors which are fabricated from Ge blanks. Hence to be economical Ge
crystals up to 4″ dia. were required. This was the motivation for the present
endeavor of modifying and optimizing the present Czochralski Ge crystal growth
system (designed for 4″ dia. Ge crystal growth) to grow optical grade Ge crystals of
different diameters. The present paper is organized as follows. The growth of
optical grade Ge covering the system modification, optimization, growth and
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characterization is discussed in Sects. 86.2, 86.3 and 86.4 and in 86.5 a study on the
effect of Sb doping level on infrared transmission characteristics of the Ge crystal is
presented.

86.2 Crystal Growth

Sb doped Ge single crystals were grown in a commercial Czochralski crystal
growth system (GE PULLER 20-04, Cyberstar, France) designed for the growth of
4″ dia. Ge crystals. Figure 86.1 shows the schematic for the Czochralski crystal
growth set up.

Table 86.2 gives the summary of typical growth parameters for 4″ dia. Ge
crystal growth.

Table 86.1 Specifications
for optical grade Ge

1. Crystalline form Mono-crystalline (111)

2. Conductivity type n-type (Sb doped)

3. Resistivity 5–30 X-cm

4. % Transmission >45% (2–12 µm)

Ar atmosphere
Growing Crystal

<111> Ge seed

Molten Ge

Graphite Heater

Pull rod

Quartz crucible

(b)(a)

Fig. 86.1 a Czochralski crystal growth set up for Ge crystal growth, and b thermal set up with
poly Ge starting material loaded in quartz crucible for 4″ dia. Ge crystal growth
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86.3 Growth System Modification and Parametric
Optimization

Modification were made to the thermal setup and growth parameters to grow 2″ dia.
within the same system. The issues included stability and monitoring of the smaller
dia. crucible (for carrying out 2″ dia. Ge crystal growth) in the thermal set up used
for 4″ dia. crystal growth along with obtaining the optimum seeding conditions,
pulling rate and growth conditions. This work included continual experimentation
effort aided by numerical modeling to modify the crystal growth set up and opti-
mization of the growth parameters for growing smaller dia. Ge crystals. The same
has been elaborated in the following subsections.

86.3.1 Growth System Modifications

The thermal set up for 4″ dia. crystal growth (consisting of the heater, susceptor and
the heat shield/graphite insulation) was used for growing the smaller (2″ dia.) Ge
crystal. Modifications were made in set up for accommodating smaller dia. crucible
as shown in Fig. 86.2.

Table 86.2 Parameters used
for 4″ dia. Ge crystal growth

1. Pulling rate 50 mm/hr

2. Crystal rotation 12 CW

3. Crucible rotation 20 CCW

4. Crucible dia. 226 mm

Fig. 86.2 a Schematic of the modified thermal set up for smaller dia. crystal growth, b smaller
dia. crucible placed in the thermal set up with graphite felt support
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86.3.2 Optimization of Crystal Growth Conditions

The modification of growth setup resulted in alteration of the thermal environment
in the growth set up. Hence for initial optimization required aid of numerical
modeling. Model of the thermal setup was developed using the finite volume CFD
software CrysMAS [2] and validated with the experimental data. Figure 86.3a
shows the thermal setup for the 4″ dia. crystal growth and Fig. 86.3b shows the
simulated thermal profile for 4″ dia. growth. The developed model was validated by
comparing the crucible base temperature at different crucible positions with heater
power set for 4″ dia. crystal growth. It is seen from Fig. 86.3c that the measured and
the simulated temperature are in good agreement.

The software used has the option of simulating the thermal profile for a specified
heater power (forward simulation) or obtaining the heater powers for a given set of
temperature control points in the computational domain (inverse simulation). Hence
firstly the crucible wall temperature profile (for 4″ dia. set up) was obtained from
specified heater power. The same thermal profile was applied to the smaller dia.
crucible and heater power was obtained for 2″ dia. Ge crystal growth so that
approximate similar thermal conditions are experienced by both the crucibles. The
height of the graphite support felt was also optimized using numerical simulations.

Figure 86.4 shows the simulated thermal profile in the modified setup obtained
in the inverse simulation to calculate the heater power. Since the smaller crucible
walls were far off from the heater in comparison to the larger crucible a higher
power was obtained in the simulation for getting the similar thermal boundary
conditions on the crucible walls. The simulated heater power range was narrowed
with experimental fine tuning for obtaining the appropriate seeding condition.

Different crystal pulling rates were tried for smaller dia. crystal growth which are
in the range from 20 to 50 mm/h. Equation (86.1) shows the relation between
crystal growth rate @X

@t

� �
and local thermal conditions at the crystal melt interface.

ks
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� kl
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Fig. 86.3 a Thermal set up and b simulated thermal profile for 4″ dia. crystal growth and
c comparison of measured and simulated crucible base temperatures
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where ks and kl are the thermal conductivities of the solid and liquid Ge. @Ts@x and
@Tl
@x are the thermal gradients near to the interface in the solid and liquid region.
L and q are the latent heat and density of Ge. After successive experimentation it
was determined that the crystal pulling rate of 30 mm/hr was just appropriate to
dissipate the latent heat released during crystal growth in equilibrium with the local
thermal conditions near the solid-liquid interface as per (86.1) in this setup. The
melt cooling rate (required for increasing the dia. of the crystal to the desired value)
was also appropriately reduced to match the lower crystal pulling rate for smaller
dia. crystal growth as shown in Fig. 86.5.

Crystal growth runs as per the temperature profiles shown in Fig. 86.5 were
performed. Figure 86.6 shows the corresponding 4″ dia. and 2″ dia. grown Ge
crystals.

Fig. 86.4 Simulated thermal
distribution in the modified
growth set up
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Fig. 86.5 Growth temperature profiles for a 4″ dia. and b 2″ dia. Ge crystal growth
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86.4 Characterization of the Grown Ge Crystals

Grown crystal were thoroughly characterized for crystalline quality, % infrared
transmission and resistivity. Figure 86.7 shows the typical characterization results
of grown Ge crystals (both 2″ and 4″ dia.) which were comparable to imported
samples. The resistivity values were also well within the optical grade range.

86.5 Doping Control

During the growth of optical grade Ge single crystals by Czochralski technique Sb
doping control is a very important issue as it controls the % infrared transmission
through a Ge wafer/blank. Segregation coefficient of Sb in Ge (K * 0.002) is very
low more over the incorporation of Sb into the crystal is also dependent on crystal
growth conditions; hence the control of Sb doping is an important issue during the
crystal growth [3, 4].

Fig. 86.6 a 4″ Ge crystal and
b 2″ dia. Ge crystal

Fig. 86.7 Comparison of typical HRXRD, transmission and resistivity values
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In the present work the amount of Sb incorporation and distribution in the crystal
is being correlated in terms of resistivity distribution in the grown crystal [5]. To
investigate the effect of different Sb doping levels on the infrared transmission,
three samples having resistivity higher (40–50 X cm: lower Sb doping), lower (1–
3 X cm: higher Sb doping) and within the optical grade range (12–30 X cm) were
analyzed for infrared transmission in the 2–12 l range.

As seen from Fig. 86.8, the Ge sample with higher resistivity (40–50 X cm)
showed % infrared transmission <45% throughout 2–20 l (Fig. 86.8, Thin solid
line). This is due to higher absorption of infrared radiations by the uncompensated
holes due to inappropriate doping. The sample with lower resistivity (1–3 X cm)
also showed % transmission below 45% in the complete measurement range
(Fig. 86.8, Dash line). This may be due to increased scattering of infrared by the
ionized Sb atoms. The plot also shows higher infrared absorption in the lower
energy range (1700–500 cm−1) which may be attributed to excessive free carrier
absorption due to very high Sb doping level in the grown crystal [6]. The sample
with resistivity within optical range (12–30 X cm) showed % infrared transmission
well above 45% (Fig. 86.8, Thick solid line) in 2–12 l range covering both the
MWIR (3–5 l) and LWIR (8–12 l) atmospheric windows.

86.6 Conclusions

The paper describes the systematic approach followed for the growth of optical
grade Ge single crystals of different diameters (4″ and 2″) by Czochralski tech-
nique. Attempt is made to provide a brief overview of overall processes and
techniques involved in any crystal growth process covering the key aspects like
growth, simulation and characterization. The importance of process modeling has
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been highlighted in deciphering vital thermal and flow statistics which is difficult to
measure providing meaningful insight of the crystal growth process which can be
taken as a first step towards any process optimization. Comparison of characteristics
of grown Ge crystals of different diameters were found to be within optical grade
range. In the end the significance of optimum Sb doping in realizing the best
infrared transmission is presented in the form of a comparative study.
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Chapter 87
Microscopic Investigation by Phase
Contrast Imaging and Surface
Spreading Resistance Mapping

Akhilesh Pandey, Garima and Ashok K. Kapoor

Abstract This paper explores the microscopic investigations of thin films using
less explored Scanning Probe Microscopy (SPM) modes viz. Phase Contrast
Microscopy (Phase Imaging) and Scanning Spreading Resistance Microscopy
(SSRM). The contrast in Phase imaging has been corroborated with the region of
different resistance using SSRM.

87.1 Introduction

Scanning Probe microscopy (SPM) is versatile probe based microscopy technique
which offers several different modes to study various material properties at nano
scale [1]. We have used Scanning spreading resistance microscopy (SSRM) mode
(SSRM) and phase contrast microscopy mode available in a SPM to investigate the
contrast in grain boundaries in the Ni–Cr film. The details of both the techniques are
available in literature [1–4].

Phase Contrast Microscopy (Phase Imaging) mode in a Scanning Probe
Microscope (SPM) measures the change in phase of the A/C signal applied to the
tip. Phase shifts are registered as bright and dark regions in phase images. SSRM
mode in the SPM is another useful technique to study the changes in the local
surface resistance of materials. The SSRM measurements involve application of
constant bias (voltage) to the sample (tip is normally kept at ground) and mea-
surement of the current between tip and sample. SSRM gives two dimensional
imagining of local current and resistance distribution.

The contrast in Phase image can be due to any of the following reasons i.e.
stiffness, adhesion of the film on the substrate and also in the case of multi element
films, due to variation in the composition in the adjacent regions. To pin point a
particular reason for the contrast in phase imaging sometimes complimentary
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technique is required. We have used SSRM (current imaging) technique in a SPM
to study polycrystalline thin film of Ni–Cr.

In this paper we are reporting the microscopic investigation in polycrystalline
thin films using phase imaging and electrical resistance measurements modes in a
SPM. The phase contrast variation in a Ni–Cr film in grains and the grain boundary
regions has been correlated to the regions of different resistance. The resistance is
found to be in the range 104–108 X in different regions.

87.2 Experimental

AFM and Phase contrast Imaging was carried out using Keysight LS-5600 system
by tapping mode. Micro /nano scale resistance mapping measurements on Ni–Cr
thin film on GaAs was done in contact mode using diamond coated conducting tip
by SSRM using ResiScope-II (CSI-instrument). The ResiScope-II was attached
with Keysight make AFM system (Model-LS-5600). Experimental arrangement of
AFM combined with SSRM is shown in Fig. 87.1.

87.3 Observations, Results and Discussion

In AFM tapping mode changes in the amplitude of the cantilever motion is used to
record the surface topography. In addition to its amplitude, change in phase, relative
to a driving oscillator can also be recorded to give useful information. The phase
signal changes when the probe encounters regions of different surface structures and
material domains (compositional change, grain boundaries, triple junctions and
twinning etc). Phase shifts register the contrast as bright and dark regions in phase
image.

Fig. 87.1 Experimental
setup of AFM and SSRM
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Figure 87.2a shows the surface topography of a Ni–Cr film using tapping mode.
In the figure small and large grains are observed at the surface of the film. Small
grain size is around 15–20 and larger one is around 30–35 nm. The surface
roughness of the film is around 2 nm. The contrast in the grain and inter grain
region is due to topography of the film. Figure 87.2b shows the Phase contrast
image of the same area of Ni–Cr film. In the figure slight change in the phase is
observed between the grains and grain boundaries and the total change in the phase
is around 5.5 degree.

The variation in phase might be due to compositional change locally in sub-
micron level. This could be segregation of one element with respect to other, oxide
formation of Ni and/or Cr at the grain boundaries, or agglomeration of defects at the
boundaries.

To investigate the electrical nature of the grain boundary region we used
scanning spreading resistance mode (conductive AFM mode). In this conductive tip
is used and a Bias is applied between tip and sample. The image contrast gives the
region of different resistance and with the little effort one can also estimate the value
of resistance.

Figure 87.3a shows the resistance map using SSRM of the same sample. It can
be seen that the grain boundary region has different contrast than the inter-granular
region. This difference in contrast is due to different resistance values in the regions.
A quick look in the conversion table and the gray scale bar shows the grain
boundaries region have resistance *107 X while the grain have resistance *103–
104 X.

We can therefore concluded to say that the phase contrast and SSRM images at
the grain boundaries have higher resistance value are also due to metallurgical
difference from the intergranular region.

Fig. 87.2 AFM image a Topography b Phase contrast imaging
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87.4 Conclusion

Microscopic investigations are reported using Phase imaging and SSRM modes in a
AFM, on Ni–Cr film on GaAs substrate. The grain size was measured by AFM to
be to 20–35 nm range. The importance of Phase Imaging and SSRM modes to
distinguish the regions with different physical and electrical characteristics have
been highlighted.
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Part V
VLSI Technology



Chapter 88
Independent Gate Operation of NAND
Flash Memory Device with Improved
Retention Characteristics

Pooja Bohara and S. K. Vishvakarma

Abstract In this work we have analyzed Independent Gate (IG) operation of fully
depleted double gate MOSFET to improve the retention characteristics and memory
window of Silicon-Oxide-Nitride-Oxide-Silicon (SONOS) memory at relatively
lower applied voltages. It is shown that biasing the back gate at negative potential
during the reading operation significantly enhance the difference in the threshold
voltages (Vth) of the programmed and erased state owing to strong electrostatic
coupling between front and back gates. Results highlight that IG operation leads to
50% higher memory window in comparison with single gate mode. The retention
characteristics at T = 358 K show that the memory window *1.2 V is obtained
after 10 years.

88.1 Introduction

THE performance of Single Gate (SG) Silicon-Oxide-Nitride-Oxide-Silicon
(SONOS) based flash memory device is significantly deteriorated at shorter gate
length and at higher temperature (T) 358 K [1, 2]. The indeed requirement of
thicker gate stack (� 10 nm) due to presence of ONO layer in flash devices results
in various short channel effects. Moreover scaling of the tunnel oxide improve the
speed of the memory, it degrade the retention characteristics [3, 4]. Hence, a
methodology is needed which can improve the speed as well as the retention
characteristics of the flash memory device.

P. Bohara (&) � S. K. Vishvakarma
Nanoscale Devices, VLSI Circuit and System Design Laboratory, Electrical Engineering,
Indian Institute of Technology Indore, Simrol, Indore 453552, India
e-mail: phd1501102006@iiti.ac.in

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_88

567

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_88&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_88&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_88&amp;domain=pdf


88.2 Results and Discussion

Fully depleted Double Gate (DG) MOSFET based SONOS memory device shown
in Fig. 88.1 were analyzed using Synopsys TCAD simulation tool [5] with field,
doping dependent mobility and SRH recombination model. Non-local band-to-band
tunneling model is used to capture the tunneling of electrons and Fowler-Nordheim
tunneling mechanism is used to perform program and erase operation. The models
used to analyze SONOS memory device are consistent with the previously pub-
lished results [6, 7]. A 25 nm SONOS memory device were designed with a heavily
doped source/drain region (1020 cm−3) and lightly doped channel (1015 cm−3). The
silicon film of thickness (Tsi) of 10 nm, tunnel oxide (SiO2), blocking oxide (SiO2)
and charge trap layer (Si3N4) thickness of 6, 2.5 and 6 nm, respectively were used
in the simulations. The considered thickness of the tunnel oxide, blocking oxide and
charge trap layer are similar to that reported experimentally by Lue et al. [8].

Figure 88.2 show the variation in threshold voltage as a function of time
(t) while reading programmed/erased state of a memory cell. The cell is pro-
grammed and erased for a front gate voltage varied from + 10 to + 14 V and −12 to
−16 V, respectively. The back gate voltage (Vbg) is kept at −0.5 V while reading
the programmed/erased state of memory device. Since back gate is kept at fixed
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negative potential, the higher values of voltages during the erase operation was used
to erase the memory to achieve reasonable value of threshold voltage. A memory
window (ΔW = Vthp − Vthe @ t = 10−1 s) of 1.65 V is achieved at Vbg = −0.5 V.
In Fig. 88.3, ΔW of flash device is plotted with varying Vbg from 0 V (SG) to 3 V
(IG). A 50% amplified memory window is obtained by biasing the back gate during
the reading operation of the memory cell i.e. ΔW increases from 1.25 V
(Vbg = 0 V) to 2.5 V (Vbg = 3 V). The relatively higher magnitude of the ΔW with
back gate bias is due to significant change in the potential of the channel [9] which
results in the relatively higher difference in the values of Vth for programmed/erased
state. Figure 88.3 shows charge retention characteristics for the duration of 10 years
(*3 � 108 s). The data retention characteristics is analyzed in terms of threshold
voltage of the programmed/erased state. The ΔW achieved for IG operation after
10 years is *1.2 V. The marginal degradation in threshold voltage of programmed
state over a period of 10 years is due to the reduction in the back tunneling of the
electrons into the channel region owing to the opposing field at the back gate. The
present work highlight the benefits for biasing back gate at fixed potential during
the read operation of memory cell which can possibly improve the performance the
flash memory device (Fig. 88.4).
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Chapter 89
Floating Gate Junction-Less Double
Gate Radiation Sensitive Field Effect
Transistor (RADFET) Dosimeter:
A Simulation Study

Avashesh Dubey, Rakhi Narang, Manoj Saxena and Mridula Gupta

Abstract In this paper, a floating gate Junction-less Double Gate radiation sensi-
tive field effect transistor has been investigated in order to observe the impact of
gamma radiation without applying any gate bias in pre-radiation state. Gamma
radiation model of Sentaurus 3D device simulator has been used to simulate the
trapping de-trapping of the electron-hole pair due the gamma radiation. The change
in the electrical characteristics due to the floating gate geometry has been explained
in the paper.

89.1 Introduction

MOSFET transistor Based radiation dosimeters have wide range of application in
radiotherapy, spacecraft and nuclear laboratory [1, 2]. The main idea behind the
operation of the radiation sensitive field effect transistor (RADFET) is the threshold
voltage shift due to high radiation dose. In conventional MOSFET based dosimeter
[3], a relatively thick gate oxide and higher positive gate bias is required in order to
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separate out the irradiation induced electron-hole pair from oxide and transport the
hole to the interface of Si/SiO2 [4]. The trapped hole on the interface of Si/SiO2

results in the shift of threshold voltage. The main disadvantages of conventional
RADFET is the requirement of higher gate bias (>10 V) during its operation.
During radiation, in order to have better sensitivity at zero bias condition floating
gate MOSFET dosimeter has developed [5]. The floating gate is pre-charged gate
before the radiation falls on the device. The electron-hole pair generated in the
oxide due to the irradiation is separate out by floating gate and the carriers having
opposite charge are attracted towards the floating gate and carriers having same
charge deflected towards the Si/SiO2 thereby modulating the threshold voltage of
the device. The charge, which are presented on the floating gate in pre-rad state are
neutralized by the charge collected during the irradiation. At higher dose range, the
floating gate geometry stop working [6] because the irradiation progressively
deteriorates the charge of floating gate and the sensitivity decreases as the dose
increases. This is the major disadvantage with the floating gate device. By utilizing
the excellent property of the floating gate MOSFET dosimeter, a floating gate based
junction-less double gate RADFET dosimeter has been proposed to investigate the
electrical characteristics such as threshold voltage shift, Sensitivity, drain current,
Ion/Ioff current ratio. Extensive simulation has been performed to investigate the
behavior of the FG JL DG RADFET under the radiation environment by using
sentaurus 3D device simulator [7, 8].

89.2 Device Structure and Simulation Details

The schematic view of the floating gate double gate radiation sensitive field effect
transistor is shown in Fig. 89.1. The floating gate is sandwiched between the SiO2

and Si3N4. Silicon nitride is called as injection layer as it enhances the charge

Fig. 89.1 Schematic view of
floating gate junctionless
double gate RADFET
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injection from floating gate to control gate. The doping concentration of the device
is taken as 1 � 1018 cm−3.

In order to simulate the electrical characteristics such as surface potential,
threshold voltage and drain current level the models which have been used are,
Radiation Model, drift-diffusion model, band gap narrowing, Old slot boom model,
Philips unified mobility model, high field saturation model, Shockley-Read Hall
(SRH) generation recombination model.

Drift diffusion model has been used for transportation of carrier in SiO2. Donor
level traps with uniform concentration have been used. These traps are unfilled in
pre-rad state and filled after irradiations are performed. In order to have carrier
transportation from oxide region to Si/SiO2 interface, thermionic emission model is
used at the interface of Si/SiO2.

89.3 Results

Figure 89.2 shows impact of gamma radiation on the surface potential when no bias
is applied at the gate terminal of the device. It can be observed that as the irradiation
dose increases, the charges present in the floating gate start neutralizing.

Figure 89.3 shows the variation of drain current for different dose rate along
with the channel length and shows that there is no saturation in drain current at
higher dose because as some bias is applied at the gate terminal, the floating gate
starts collecting charge from the control gate via injection layer resulting in constant
neutralization of charges.
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Figure 89.4 shows the change in threshold voltage for different dose rate with
gate voltage ramped from Vgs = −1.0 to 1.0 V with fixed Vds = 1.0 V. It can be
seen observe that as the dose rate increases the threshold voltage start degrading
that means the shift in threshold voltage starts increasing resulting in higher
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sensitivity as the threshold voltage shift is directly proportional to the sensitivity of
the device. i.e., Sensitivity ¼ DVth

D where ΔVth = Vth (Pre-Radiation) − Vth (Post-Radiation).

Figure 89.5 shows the Ion/Ioff current ratio for different dose rate. The Ion/Ioff
current ratio of the device is significantly higher.

Table 89.1 shows the comparison of sensitivity and threshold voltage shift of
FG JL DG RADFET and JL DG RADFET at the dose rate of 5 Krad/min.

89.4 Conclusion

In this paper, a simulated study of Floating Gate JL DG RADFET for gamma ray
dosimeter application has been carried out by using gamma radiation model of
Sentaurus 3D device simulator. The effect of gamma radiation dose on the device in
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Table 89.1 Comparison of sensitivity and threshold voltage shift

Parameters Floating gate JL DG RADFET JL DG RADFET % change

DVthðVÞ 0.268 0.25 7%

Sensitivity ðmV=GyÞ 8.93 8.33 7.2%
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no bias condition has been discussed. And the sensitivity and threshold voltage shift
of FG JL DG RADFET has been compared with JL DG RADFET.
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Chapter 90
3D Nano Capacitors Using
Electrodeposited Nickel Nanowires
in Porous Anodic Alumina Template

Alison E. Viegas, Sudipta Dutta, S. Rekha, M. S. Bobji,
Srinivasan Raghavan and Navakanta Bhat

Abstract We report the fabrication and characterization of a new design of 3D
nano Capacitors using Alumina nanopores as the dielectric material. Nickel
nanowires grown inside the nanopores act as high surface area electrodes. These
wires are combined together in the form interdigitated capacitor structure, to
achieve very high capacitance density.

90.1 Introduction

In recent years, capacitors have been able to shrink down along with their coun-
terparts in CMOS technology, but at the cost of low capacitance or high leakage
current. With the advance of nanosciences, nanocapacitors have been fabricated,
with high capacitance with lower footprint area which has opened new areas of
applications like energy storage in addition to charge storage capacitors in DRAMs.
3D capacitors such as trench capacitors have been explored since the mid—90’s [1]
and more optimizations and improvements in terms of device design, choice of
materials, deposition techniques and so on are still being studied [2–4]. In 2000,
Shelimov et al. [5] proposed cylindrical nano capacitors in anodic alumina nano-
pores by depositing Carbon-Boron Nitride—Carbon using Chemical Vapour
Deposition and was able to achieve a capacitance of 2.5 µF/cm2 for the 50 µm
thick template. In 2005 Sohn et al. [6] developed nanocapacitor array using anodic
alumina by exploiting the barrier layer thickness as the dielectric and achieved a
capacitance of 177 nF/cm2. In 2009, Banerjee et al. [7] used optimized atomic layer
deposition of TiN–Al2O3–TiN in anodic alumina pores of 10 µm thick and
achieved a capacitance density of 100 µm F/cm2. These processes involve several
complex steps of lithography, etching, and growth using CVD or ALD. Here we
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explore a new device design which uses the 3D Nickel nanowires as electrodes
grown using electrodeposition, inside porous alumina templates. The individual
Nickel wires are linked together in an interdigitated manner so as to form parallel
capacitors which increase the overall capacitance. These processes are electro-
chemically self-aligned processes with the final step of lithography to pattern the
electrodes.

90.2 Fabrication

An aluminum substrate was anodized using the two-step anodization technique, to
get porous alumina, schematic of which is seen in Fig. 90.1 using 0.3 M Oxalic
acid at room temperature, with an anodization voltage of 40 V. The as-grown
porous oxides have a barrier oxide layer at the bottom of about 40–50 nm. The
barrier layer at the bottom of pores had to be thinned down by using step-voltage
reduction, so as to provide an electrical path for the growth of the Nickel wires
using pulse electrodeposition method. The aluminum substrate was at the anode and
Platinum as the reference electrode. An electrolyte solution of Nickel Sulphate
(30 g), Nickel Chloride (4.5 g), boric acid (4.5 g) in 300 ml of water was used. The
electrolyte was heated to a temperature of 38 °C during the deposition, and a
voltage of −3 V was applied to the electrodes. The overgrown Nickel on the top
surface of the pores was etched using an ion beam in a FEI Focused Ion Beam
(FIB). The substrate was etched selective to the oxide and metal nanowires by using
a solution of Copper Chloride by protecting the template and nanowires using nail
polish, the detailed fabrication process can be seen in [8, 9]. The free standing
membrane was transferred to a silicon substrate by sticking it with SU-8 resist
which is an insulator. The Nickel wires were connected by lithography in an
interdigitated manner to include several capacitors in parallel shown in Fig. 90.2c.
Figure 90.2a, b represents the SEM image of the porous Alumina and the Nickel
filled Alumina respectively. Figure 90.2c demonstrates the Nickel wires connected
by interdigitated electrodes.

90.3 Results and Discussion

C-V measurements were performed by varying the frequency from 1 kHz to 1 MHz
by using an AC bias of 30 mV in Agilent Semiconductor Device Analyzer
B1500A. The DC bias was swept from −1 to 1 V. Figure 90.3 indicates the
capacitance versus frequency behavior of the structure.

Due to the high series resistance of the interdigitated electrodes the capacitance
degrades at a higher frequency. This is also confirmed by the dissipation factor.
Hence capacitance at lower frequencies was measured and the graph was plotted in
Fig. 90.4. It can be seen that the capacitance is much higher at lower frequencies
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which have been mentioned by Banerjee et al. [7] that the capacitors work at a
lower frequency (20 Hz). Low frequency measurements were measured in
Impedance Analyzer by Agilent 4294A. The value of the capacitance matches

Fig. 90.1 Schematic of the
growth of alumina nanopores
and Nickel nanowires

Fig. 90.2 SEM images of
a Porous alumina, b Nickel
nanowires, c interdigitated
electrodes
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reasonably well to the theoretically calculated capacitance for the structure. The
capacitance can be further increased by increasing the height of Nickel wires and
reduce the space between two Nickel wires.

90.4 Conclusion

A new 3D nano capacitor design has been proposed and fabricated using relatively
simple, inexpensive, and easy to scale electrochemical method using porous alumina
templates. With further optimization with respect to the patterned electrodes, and
using high K materials like Titania, high capacitance per unit area can be achieved.

Fig. 90.3 a Capacitance versus frequency, b dissipation factor versus frequency

Fig. 90.4 Capacitance versus frequency for lower frequencies
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Chapter 91
Design and Optimization of Double-Gate
MOSFET to Reduce the Effects
of Single Event Transients

Y. Mohammed Aneesh, K. R. Pasupathy and B. Bindu

Abstract In this paper, the effects of Single Event Transients (SETs) due to
heavy-ion strike in Double-Gate (DG) MOSFET is studied through simulations.
Based on the understanding through simulation studies, an optimized device design
is proposed to reduce these effects. The charge deposition by the heavy-ion striking
at the center of the channel and the transport of the released charge carriers towards
the drain are simulated. The DG-MOSFET is optimized through channel doping,
varying silicon thickness and back gate bias to reduce the effects of SETs.

91.1 Introduction

The single event transient and its propagation is becoming a serious reliability
concern for digital integrated circuits designed to use in radiation environment such
as space applications [1–5]. As the device dimensions are scaled down to
sub-100 nm regime for improved performance, the integrated circuits became more
sensitive to these single event transients [5, 6]. DG-MOSFET shown in Fig. 91.1 is
one such nano-device that replaced single-gate structure due to its better gate
controllability over the channel. Whenever a heavy ion strikes on the sensitive
region of a FET such as a reverse-biased p-n junction, it penetrates inside the
material and generates large amount of electron-hole pairs along its track. This
sudden increase in the carrier density results in a large transient current at the drain
output called single event transients [1, 3]. In this paper, the effects of SETs in
DG-MOSFET is analyzed through simulation studies for different doping, back gate
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bias and channel thickness and proposed an optimized design to reduce these effects
in the device. The mitigation/reduction of these effects through proper design of
device will help to reduce the impact of these transients in Double-Gate MOSFET
based circuits.

91.2 Single Event Transients in DG MOSFET

Figure 91.2 shows the heavy ion charge density at the center of the channel in
DG-MOSFET where ion strike happens. The higher heavy ion charge density can
be seen at the strike location and reduces in all directions away from strike location
along the radius of the track.

The single-event transient current at the drain output resulting from the heavy ion
charges is a function of time. At the strike instant, due to sudden increase of carriers,
the current reaches the peak value. As time increases the current decreases expo-
nentially. 3-D simulations have been performed with the TCAD Sentaurus device
simulator. The effect of heavy ion radiation was simulated using the Sentaurus Device
HeavyIonmodule [7]. The SET current can be reduced by optimizing the doping in the
channel, silicon thickness and back gate bias. The DG-MOSFET channel is initially
lightly doped with p-type doping of 1 � 1014 cm−3. The channel region is having a
length of 20 nm and thickness of 6 nm. In all the simulations, the front gate voltage is
fixed at zero volt and LET = 70 MeV-cm2/mg.

Figure 91.3 shows the SET current versus time plotted for different channel
doping concentration. It is inferred that the single event transient current can be
reduced with increase in channel doping concentration due to recombination of
released electrons in the highly doped channel region, which has excessive hole
concentration.

Fig. 91.1 Structure of double gate MOSFET
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The SET current is plotted for different silicon thickness of 6, 10 and 15 nm as
shown in Fig. 91.4. The SET current is decreasing for lesser silicon thickness due to
decrease in the charge collection volume and the channel is better controlled by
gates [8].

Figure 91.5 shows the effect of back gate voltage on SET current peak variation
with respect to time. Here the front gate bias is fixed at zero volt and it is observed
that as the back gate voltage is varied from zero to negative value the SET current
peak is reduced [9].

The channel region close to the back gate remains in the accumulation mode for
negative values of back gate voltage. Hence when the radiation strikes the middle of
the channel, recombination occurs and thereby reducing the electron concentration,
constituting to lesser SET current peak. For the positive values of back gate voltage,
when radiation strikes the DG-MOSFET, electron concentration is comparably
more (due to strong inversion), constituting to larger SET current peak.

Fig. 91.2 Heavy-ion charge density with ion strike at middle of the gate

Fig. 91.3 SET current versus time for different channel doping concentration
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From these analysis, it can be concluded that the high channel doping, small silicon
thickness and negative gate bias leads to reduction of SET current. Hence, the opti-
mized DG-MOSFETwith heavily doped channel of 1 � 1019 cm−3, silicon thickness
of 6 nm and applied back gate bias voltage of −0.4 V is designed to reduce the single
event transients. Figure 91.6 shows the SET current obtained for optimized design,
compared with normal DG-MOSFET designed with lightly doped channel of
1 � 1014 cm−3, silicon thickness of 10 nm and back gate bias voltage of 0 V.

The SET current versus time plotted for different LET values of 40, 70, 90,
100 MeV-cm2/mg for the optimized design is shown in Fig. 91.7. The SET current
increases for higher LET values.

Fig. 91.4 SET current versus time for different silicon thickness

Fig. 91.5 SET current versus time for different back gate voltages
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91.3 Conclusion

The effects of single event transients due to heavy-ion strike in Double-Gate
(DG) MOSFET are analyzed in this paper. The device dimensions, bias and doping
are varied to understand their effects on SET current through TCAD simulations.
Finally, an optimized device with small silicon thickness, negative back gate bias
and higher channel doping concentration is designed.

Fig. 91.6 SET current versus time for optimized design

Fig. 91.7 SET current versus time for different LETs for optimized design
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Chapter 92
Stress Induced Degradation of High-k
Gate Dielectric Ta2O5 Thin Films
on Silicon

Upendra Kashniyal and Kamal P. Pandey

Abstract This work describes the influence of constant current stress induced
degradation in reactively sputtered Ta2O5 thin film in pure argon and argon plus
nitrogen within plasma. Capacitors were fabricated and the interface was charac-
terized using I-V and C-V methods. X-ray diffraction (XRD) technique revealed the
presence of N2 content in Ta2O5 films. A comparison between Ta2O5 films doped
with and without N2 with respect to flat band shift and leakage current density is
also presented. Post deposition annealing at 650° CreducesO/Ta ratio because of the
formation of suboxides. It results in high quality TaOx film with high capacitance
and low leakage current. On being stressed, flat band voltage in annealed devices
shifts towards negative direction as a result positive charge traps are observed in
high-k thin films. Incorporation of nitrogen in Ta2O5 dielectric films retain the
intrinsic effect that significantly diminish the electron leakage current through
deactivating the Vo (oxygen vacancy) related gap states.

92.1 Introduction

The complementary metal oxide semiconductor is one of the most important
devices with the continuous improvement in its performance. As the technology is
advancing, demand for smaller devices is increased which can be accomplished by
reducing the dimension of the devices. Reduction in feature size has been expo-
nentially reached down to its limit. Since, the scaling cannot go further due to some
lithography constraints; the main concern has been focused towards the material
used in the gate dielectric. From several decades silicon dioxide has proved to be a
potentially perfect material for isolation between gate and semiconductor substrate
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in metal-insulator-semiconductor (MIS) devices. It is because of its property to
remain stable both thermodynamically and electrically along with its high interface
quality and good isolation. However, due to rapid shrinking of the device, gate
oxide has reached down to a thickness (2 nm) that led to considerable increase in
leakage current, static power dissipation and reduction in reliability against elec-
trical stress [1–4]. It has been observed that the gate leakage current has reached
1 A/cm2 at 1 V [5].

A broad variety of high-k dielectric materials like ZrO2, HfO2, Al2O3, Ta2O5 and
their silicates have been extensively studied over several years as a possible
replacement of SiO2 for isolation. Thickness of high-k dielectric is greater than
silicon dioxide for same value of capacitance thus enabling low gate leakage current
and reduced power dissipation. Amongst all the high-k materials, tantalum pen-
toxide (Ta2O5) is one of the most promising replacements for gate oxides owing to
its high dielectric constant (20–40). It also possesses high charge storage capacity
and therefore most preferred for various memory applications. Tantalum oxides
however, have many metastable phases. Three stable crystal forms of tantalum
oxide are TaO, TaO2 and Ta2O5 respectively [6, 7]. Although Ta2O5 is considered
as the most stable form, it is not easy to obtain exclusively its equilibrium phase
because of its complicated structure [8]. Further, Ta2O5 and TaO2 thin film is not
thermodynamic stable due to reaction with underlying silicon and formation of
SiO2 or silicide which increases the effective oxide thickness (EOT) and suppresses
the effect of high-k dielectrics [9–11].

As deposited Ta2O5 film is usually nonstoichiometric and contains many oxygen
vacancies it causes high leakage current [8, 12]. Reduction in leakage current is
therefore essential for practical applications. Generally, annealing is considered an
effective method for leakage current reduction [13–15]. In this paper we present a
systematic study to investigate the electrical, structural and reliability characteristics
of tantalum pentoxide/Si interface sputtered in argon (Ar) and argon plus nitrogen
(N2) containing plasma. The reliability of MIS devices was assessed using constant
current stress technique and a ramped voltage method [16] was used to measure the
breakdown voltage.

92.2 Methods

A p-type Si (100) wafer of resistivity 1�10X-m was used to fabricate Al/Ta2O5:N/
Si MIS capacitors. Standard Radio-corporation of America (RCA) cleaning process
was used to remove inorganic and organic contaminants. Deposition of Ta2O5 film
was done using reactive magnetron sputtering at radio frequency (RF) power of
75 W for 5 min. Sputtering gas consists of a mixture of high purity argon and
nitrogen. Physical thickness (30–40 nm) of Ta2O5 film was determined using
profilometer. Post deposition annealing (PDA) of the structures was performed at
550–800 °C for 20 min in N2 ambient. Thereafter, Ta2O5 thin film structure
was examined through X-ray diffraction (XRD) pattern functioning in 2h mode
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with Cu Ka radiation. MIS capacitors were made by depositing Al-top gate elec-
trode using thermal evaporation through a shadow mask of dot area 0:28��3 cm2:
Leakage current and capacitance of MIS capacitors were measured using semi-
conductor characterization system (SCS4200). Among several approaches for
assessing the reliability characteristics, we have employed constant current stress
technique. A constant current stress from 1 lA to 1 mA was applied on the devices
for different time periods to measure their reliability characteristics. MIS capacitors
were measured before and after constant current stress.

92.3 Results and Discussion

To analyze the effect of stress degradation in tantalum pentoxide/silicon interface,
optimization of film deposition and annealing conditions were performed. Under
constant current stress, the behavior of MIS capacitor sputtered in Ar and Ar plus
N2 were examined. The section also notices the changes in electrical and interfacial
parameters like capacitance, shift in flat band voltage and gate leakage current.

92.3.1 Effect of Annealing

Figure 92.1 represents the normalizedC-V and I-V characteristics curves for annealed
and non-annealed MIS devices at different voltages ranging from −4 to 4 V at a
frequency of 70 kHz. Annealed devices display improved capacitance and flat band
voltagewith respect to non-annealed devices. Annealing ofMIS capacitors optimized
at 650 °C minimizes film crystallization and gate leakage current [17]. Figure 92.1b
reveals that the gate leakage current of annealed films deviates by nearly two orders of
magnitude over non-annealed films. A layer of silicate or silicide is formed at the
Ta2O5/Si interface due to thermodynamically instable sputtered Ta2O5 film. Further,

Fig. 92.1 a C-V and b I-V characteristics of non-annealed and 650 °C annealed device grown in
pure argon ambient
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annealing at high temperatures (650 °C � t � 800 °C) decreases defects such as
non-perfect bonds. This finally results in improved film microstructure and hence
reduced gate leakage current density.

92.3.2 Effect of Nitrogen Incorporation

Figure 92.2 illustrates the effect of N2 doping on C-V characteristics of Ta2O5 thin
films. Incorporation of nitrogen has several benefits. It reduces charge traps, stress
at high-k/Si interface and enhances resistance to O2 diffusion which in turn leads to
increased stacked gate capacitance and reduced gate leakage current [18, 19]. In
order to determine the existence of nitrogen in Ta2O5 layer, glancing angle X-ray
diffraction (GXRD) technique was used. Figure 92.3 shows a maximum intensity
peak at 2h ¼ 28:7�. It is due to the presence of nitrogen content in reactively
sputtered Ta2O5 thin film which also corresponds to orthorhombic phase.

92.3.3 Stress Analysis

Figure 92.4a depicts the C-V characteristic curve of N2 doped MIS capacitor
annealed at 650 °C under constant current stress of 1 mA for varied time periods.
Vo in tantalum films drift in the direction of interface to form Si–Ta bonds [20].
These bonds confirm the existence of high density positive charges and act as a hole
trapping site at the interface causing flat band voltage shift toward negative values
[21, 22]. Leakage current reduction in MIS capacitors fabricated in N2 ambient at

Fig. 92.2 C-V plot of Ta2O5

film doped with N2 and
without N2
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constant current stress of 1 mA applied for 10 minis shown in Fig. 92.4b. The
reduction is credited to lowering of barrier height at Al/Ta2O5 interface as a result
of charge buildup in Ta2O5 near this contact [11].

Table 92.1 shows calculated results for breakdown voltages of Ta2O5 capacitor
fabricated in Ar and Ar plus N2 within plasma. N2 doping during plasma controls
further diffusion of silicon from the high-k/Si interface [23]. This leads to a sig-
nificant enhancement in the breakdown voltage in Ta2O5 films. Breakdown voltage
of MIS device in both the environments however starts decreasing after a constant
current stress. This may be attributed to trap generation in the oxide which even-
tually leads to reduced breakdown strength of the oxide film.

Fig. 92.3 XRD spectra of N2 doped Ta2O5 MIS capacitor annealed at 650 °C

Fig. 92.4 Effect of constant current stress on a C-V and b I-V characteristics of N2 doped MIS
capacitor and annealed at 650 °C
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92.4 Conclusion

This paper compared the reliability and electrical characterization of reactively
sputtered tantalum pentoxide/silicon interface doped with and without N2.
Introduction of nitrogen during plasma and post deposition annealing enhanced the
electrical performance of MIS capacitors under constant current stress. It showed
better interface and electrical properties like low leakage current, high capacitance,
small flat band voltage shifts and higher breakdown voltage calculated using I-V
and C-V techniques. All capacitors displayed shift towards negative direction in flat
band voltage indicating enhancement in positive charge density in the dielectric
film upon constant current stressing.

Acknowledgements Authors thank Prof. B. R. Singh, IIIT-Allahabad for his constant support
and encouragement.
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Chapter 93
Poly(ethyleneimine) Doping
of CNTFETs: Effect of Solvent
and Optimization of Doping Parameters

P. R. Yasasvi Gangavarapu, M. R. Anjanashree, Suman Pahal,
Manoj M. Varma and A. K. Naik

Abstract Carbon Nanotube Field Effect Transistor (CNTFET) when doped with
the polymer Poly(ethyleneimine) (PEI) changes its behaviour from p-type to n-type.
The solvent used to disperse this polymer plays a very important role in doping
process. In this work we report the effect of two solvents: Methanol and DI water.
We observe that DI water solvent gives better electrical characteristics such as
higher ON current and gives higher yield of n-type CNTFET devices. We have
reported the optimization of both the doping time and the concentration of the
polymer solution to get the higher yield of n-type CNTFETs.

93.1 Introduction

Single walled carbon nanotubes (CNTs) are one of the promising materials for
transistors operating beyond 10 nm node technology, because of their excellent
electronic, thermal and optical properties. There have been many reports on CNTs
since their advent in 1991 [1], exploiting their properties for various applications
including logic circuits. Semiconducting CNTs have band gaps which makes them
suitable for logic applications where large Ion/Ioff ratios are essential. CNTs are
intrinsically p-type in nature. This is mainly due to adsorbed atmospheric oxygen
on them. They can be converted to n-type by using various techniques such as
vacuum annealing [2], alkali doping of contacts [3], use low work function metals
for source/drain contacts [4–6] and dielectric passivation [7–9]. One of the major
challenges with CNTFETs has been the fabrication of air stable n-type CNTFETs
with good Ion/Ioff ratios. The n-type CNTFETs play a major role in realizing CMOS
logic circuits, photodiodes and rectifiers.
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In this work, we explore PEI polymer doping of p-type CNTFETs to make them
n-type. We study the role of solvent used to disperse polymer on p-type to n-type
conversion of CNTFETs. The polymer used in our work is Poly(ethyleneimine)
which is electron rich in nature. This polymer is dissolved in different solvents such
as Methanol and DI water and their effect on CNTFETs has been observed. There
have been reports demonstrating conversion of p-type to n-type CNTFETs using
PEI polymer [10, 11], but not many have reported the role of solvent in the doping
process. We also demonstrate the optimization of concentration of PEI polymer as
well as the time of doping to get higher yield of n-type devices. Since this a post
fabrication process, the process complexity is reduced and the doped CNTFET is
air stable as well.

93.2 Methods and Experiments

93.2.1 Fabrication Process

CNTs are aligned between metal electrodes on a Si/SiO2 substrate using AC
Dielectrophoresis [12]. The metal electrodes are patterned using e-beam lithography
followed by evaporation of Cr/Pd (2/50 nm) for source—drain contacts. The
highly-doped silicon substrate underneath SiO2 is used as the back gate of the
CNTFET. The devices are subjected to Ar (at a flow rate of 30 sccm for 1 h)
annealing at 350 °C to remove unwanted residues accumulated during fabrication.
Figure 93.1. Shows AFM image of a fabricated CNTFET.

Fig. 93.1 AFM image of undoped carbon nanotube field effect transistor. Scale bar shown in
1 lm
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93.2.2 PEI Doping

The Poly(ethyleneimine) (PEI) polymer with 100 wt% concentration is obtained
from Sigma Aldrich (Product code: 408727-100ML). The solution is diluted to
required concentration in Methanol solvent. The same polymer in DI water solvent
with 50 wt% concentration is obtained from Sigma Aldrich (Product code:
181978-100G) and is diluted to required concentration by adding suitable amount
of DI water. Samples with CNTFETs are then kept in the solution for a specified
amount of time for polymer treatment.

93.3 Characterization and Results

93.3.1 Raman Spectroscopy

Raman spectroscopy was performed on the CNTFET samples before and after PEI
doping using 532 nm laser. The laser is focused on the channel (SWNT) and
measurements are carried out using LabRam HR system. From Fig. 93.2a, we see a
shift in the G+ peak from 1592.8 to 1593.2 cm−1 after 10 h of 20 wt% PEI doping.

93.3.2 Yield of n-Type PEI Doped CNTFETs

We observed that when CNTFET was doped with PEI polymer in methanol sol-
vent, there was some color discharge on the sample and the yield of n-type
CNTFETs after doping was 39%. Similarly, the samples were doped with PEI in DI
water solvent, we observed that there was negligible color discharge and yield of n
type CNTFETs was 70%. Here the yield was improved by almost 30%. This shows
DI water is a better solvent to dissolve PEI polymer to get better yield of air stable
to n-type CNTFETs.

93.3.3 Optimization of Time of Doping and Concentration
of PEI

As we observed better yield of n-type CNTFETs by doping with PEI polymer in DI
water solvent, we have optimized the concentration and time of doping for the same
to get higher yield of n-CNTFETs. The carbon nanotube devices were doped with
10 and 20 wt% concentration of PEI polymer in DI water solvent at regular time
intervals of 20 h. The samples were immersed in respective solutions and were
removed and cleaned with DI water from 10 to 90 h. We observed that the samples
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doped with 20 wt% concentration gave higher yield of *100% n-type devices at
10 h as compared to the samples doped with 10 wt% concentration with *60%
yield at 30 h doping time as shown in Fig. 93.2b.

93.3.4 Electrical Characterization

All the electrical measurements are done using Agilent B1500A Semiconductor
device analyzer at room temperature. The Source-Drain voltage (Vds) is set to
−0.5 V in all the measurements.

Figure 93.3a, b show the comparison of Ids–Vgs plots of two CNTFET devices
doped by 10 and 20 wt% of PEI polymer in DI water solvent at optimized time of
10 and 30 h respectively. There is some reduction in current after doping which is
due to breach of some CNTs during polymer cleaning process. We observe that, at
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optimized doping time, the ON current reduction in n-type devices which are doped
with DI water solvent with 20 wt% concentration is lesser than those devices which
are doped with polymer of 10 wt% concentration. This assures that the CNTFET
devices show better ON current when doped with PEI polymer in DI water with
20 wt% concentration.

93.4 Conclusion

The PEI polymer is dispersed in two different solvents viz methanol and DI water
and the effect of these solvents are observed and analyzed. The DI water solvent
proves to be a better choice to obtain n-type CNTFETs as it gives better yield of
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n-type CNTFETs and higher ON current. 20 wt% concentration of PEI polymer in
DI water and 20 h doping time are the optimized doping parameters.
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Chapter 94
Electrical Discharge Characteristics
of Magnetized Capacitive Coupled
Plasma

S. Binwal, J. K. Joshi, S. K. Karkari and L. Nair

Abstract A 13.56 MHz magnetized capacitive coupled discharge has been
investigated in presence of transverse magnetic field. Plasma impedance is obtained
using an electrical circuit model. From the trend of plasma resistance it is observed
that the power dissipation mode changes with pressure and with magnetic field. For
un-magnetized case, power dissipation is seen to undergo a transition from electron
dominated to ion dominated as the sheath potentials increases with increasing RF
power whereas in the magnetized case power dissipation remains in the electron
dominated mode for given range of discharge current and pressure.

94.1 Introduction

Plasma processing have always played a crucial role in the advancements of
microelectronic or VLSI chip industries. The discharge used in etching, thin film
formation and material processing [1–4] are normally driven by radio frequency
(RF) powers at 13.56 MHz. Capacitive coupled plasmas (CCP), also called
Reactive Ion Etchers (RIEs) is one of such source. Usually CCPs are created by
applying high amplitude radio-frequency (rf) potential between two similar/
dissimilar parallel plate electrodes placed inside a vacuum chamber. The electrons
adjacent to the plates are stochastically heated by the rapidly moving rf sheaths, as
well as resistively heated inside the bulk plasma due to oscillating rf current. The
silicon wafer to be processed is attached to the plate and the strong electric field
accelerates the ions to bombard the surface to perform the chosen process [1].
Sometimes a transverse magnetic field is applied parallel to the plates/substrates to
increase the plasma density at a given pressure or to lower the working pressure,
providing an additional knob to control the discharge. Such discharges are known
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as magnetically enhanced reactive ion etching (MERIE) [5, 6]. The plasma
parameters like ion impact and energy of charged species greatly affect the rate of
etching and the quality of material under processing. This motivates the need for
less complex diagnostic tools and techniques to characterize plasma. Usually the
single frequency CCP discharge is characterized by elevated oscillation in plasma
potential amplitude in tune with the applied rf frequency [7]. This imposes severe
limitations on use of a conventional single Langmuir probe to obtain plasma
parameters. This necessitates a non-invasive method based on external measure-
ments of discharge voltage, current and phase to qualitatively characterize the
discharge dynamics.

94.2 Electrical Equivalent Model of CCP

The CCP discharge can be represented as an equivalent electrical circuit consisting
of resistive, capacitive and inductive elements as shown in Fig. 94.1. These ele-
ments are chosen to represent the intrinsic properties of plasma. For instance the
plasma bulk is considered to be composed of a capacitance Cb in parallel with a
power dissipating resistance Rp by collisions and an electron inertia inductance Lp
in series. The capacitance Cb accounts for the displacement current flowing in the
plasma. The plasma sheath is considered to be composed of a capacitance Csh in
series with a resistance Rsh, where Rsh is composed of Rstoc, Ri and Rohm,sh each
representing the stochastic, ion and electron heating by the sheaths. Therefore the
combined discharge resistance is given by, R = Rp + Ri + Rstoc + Rohm,sh. The
impedance presented by the bulk capacitance Cb in comparison to the bulk plasma
impedance is very high and hence it can be neglected from the circuit analysis [8].
These approximations will lead to represent the CCP discharge as an electric circuit
shown in Fig. 94.1.

The electrical circuit can be solved to obtain the equivalent total impedance Ztot
of the discharge as follows:

Fig. 94.1 Schematic of
equivalent electrical circuit
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Ztot ¼ RX2
str

R2 þ X � Xstrð Þ2 þ j
�XXstr X � Xstrð Þ � R2Xstr

R2 þ X � Xstrð Þ2 ð94:1Þ

In the above equation X = (Xp − Xc); where Xp = xLp and Xc = 1/xCsh are the
net reactive impedance offered by bulk plasma inductance Lp and sheath capaci-
tance Csh respectively. The real and the imaginary components in (94.1) can be
further expressed in terms of measured phase u as follows:

Ztot cos uð Þ ¼ RX2
str

R2 þ X � Xstrð Þ2 ð94:2Þ

Ztot sin uð Þ ¼ �XXstr X � Xstrð Þ � R2Xstr

R2 þ X � Xstrð Þ2 ð94:3Þ

The values of Rp and X can be obtained in terms of Ztot, u and stray impedance
Xst by simultaneously solving (94.2) and (94.3). These quantities Ztot ¼ Vrms=Irms

and u are obtained experimentally. The value of Xstr can be estimated with the help
of vector network analyzer (VNA) (For present experimental system Xstr ¼ 117X).

From the above analysis, one can estimate the bulk plasma reactance Xp if
Xc = 1/xCsh is known. To estimate the maximum sheath width, without having
measurement of density and temperature, the following formula has been used:

sm � 2�s ¼ 6:7� 105 � 2eoAð Þ Vrms

I�rms

� �� �1=2
T1=4
e ð94:4Þ

In the above equation, I�rms is the rf current flowing through the plasma which is
given by;

I�rms ¼ Vrms=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þX2

p
ð94:5Þ

The approximation used to arrive at (94.4) is given in [9]. The density is
approximated from the peak rf current corresponding to the collapsed sheath at
discharge plate.

94.3 Experimental Set-Up

The schematic diagram of the experimental set-up is shown in Fig. 94.2. It consists of
a cylindrical glass vacuum chamber equipped with turbo molecular pump and rotary
pump to achieve a base pressure of 10−5 mbar. The capacitive discharge is created
between a pair of rectangular parallel plate electrodes (42 cm � 10 cm, gap = 8 cm)
made of SS 304whose outer surface is insulated with Teflon. The plates are supported
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inside the glass chamber using two Teflon discs. A transverse magnetic field is pro-
duced by a pair of race-track shape electromagnetic coils placed outside the glass
chamber.

The plates are capacitively driven in a balanced configuration by tapping the
secondary output of a 1:1 center-tap ferrite transformer, with center tap grounded.
The RF power from the coax leads is connected to the primary via automatic L type
impedance tuner (AIT-600R T&C power conversion) with a tuning range of 1.2–
35 Ω (capacitive to inductive) connected to 13.56 MHz RF generator (AG 1213W
T&C power conversion). The rf potential on each plates has been measured with
respect to the grounded center tap of the 1:1 transformer using a pair of identical
Tektronix high voltage probes (TEK P6015A). The Current is measured by an ion
physics CT with sensitivity of 1 V/A (CM-100) near one of the electrode. The
voltage and current signals and relative phase difference have been obtained by the
Tektronix TDS 3034 C scope with bandwidth cut-off set at 20 MHz, with a hori-
zontal resolution of 10,000 points and at 5 GS/s sampling rate (0.2 ns time interval).

In the experiment, two identical high voltage probes were used to measure the
potentials between the plates. For the current measurement a current probe was
connected on one of the live electrodes. The experimental set-up including the
voltage and current probe has been calibrated to account for the inherent phase
delays [10]. In the experiment the dissipated rf power has been calculated from the
rms voltage and current according to Vrms � Irms � cos(u) where u is the phase
between voltage and current.

94.4 Results and Discussion

The impedance characteristic of discharge can give qualitative information about
the discharge dynamics and with suitable models it is possible to derive important
parameters like plasma density and collision frequency without disturbing the
plasma.

Fig. 94.2 Schematic of the experimental set-up
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The sheath reactance for magnetized and un-magnetized case has been plotted as
a function of discharge power in Fig. 94.3. This information has been used to
estimate the plasma reactance Xp by excluding the contribution of Xc from X.

Figure 94.4 plots the bulk plasma reactance Xp for increasing RF powers for the
magnetized and the un-magnetized case. For un-magnetized case Xp is almost
constant with power and with pressure also there is only ±20 Ω variation. Whereas
in magnetized case Xp has a sharp fall which tends to saturate and there is no
significant pressure variation. Any fall in the Xp is an indication of increasing
electron density. From the two plots for un-magnetized and magnetized case, it is
evident that the electron density in the bulk is saturated in the un-magnetized case
as Xp remains almost constant, while the electron density in the bulk increases with
RF power for the magnetized case as the Xp falls monotonically.

Fig. 94.3 Sheath reactance as a function of discharge power a B = 0 b B = 7 mT

Fig. 94.4 Plasma bulk reactance as a function of discharge power a B = 0 b B = 7 mT
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The plasma path resistance for un-magnetized and magnetized case is plotted in
Fig. 94.5 for increasing rf powers. The resistance R represents the electron and ion
collisional resistances as well as the stochastic resistances. For un-magnetized case
(Fig. 94.5a), the minima in the resistance plot represents the power dissipation
mode transition [11, 12], this minima is visible in the plot for 4.0 and 5.0 Pa data,
while the plots for 2.0 and 3.0 Pa are found to be increasing only, which indicates
that they are already in ion heating regime.

For, the un-magnetized case, the resistance is found to be falling monotonically,
which is due to enhanced collisional effects by the magnetic field [13]. The trend in Rp

suggests that the dominant bulk resistance falls due to increasing conductivity. As the
RF power is raised, density of charged particles increases enhancing the conductivity.

94.5 Conclusion

In conclusion the CCP discharge has been expressed as an equivalent electric circuit
model. The external measurements of discharge voltage, current and phase between
them is used to estimate plasma resistance and reactance. The impedance of dis-
charge hence obtained is further used to understand the power dissipation mecha-
nism inside the discharge.

The results indicate that in presence of magnetic field; most of the power is
getting dissipated in the bulk resulting in increasing electron density in the bulk
with discharge power. Whereas in non-magnetized case; the power is found to be
mostly dissipated in the ion acceleration in the sheaths resulting in a comparatively
low and saturated plasma density in the bulk. Also the increasing trend of Rp for
non-magnetized case indicates the presence of sheath dominated/stochastic heating
[14] at low pressure, while the collisional resistance is found to be dominant for the
magnetized case.

Fig. 94.5 Plasma resistance as a function of Irms current a B = 0 b B = 7 mT
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Chapter 95
Part I: Optimization of the Tunnel FET
Device Structure for Achieving Circuit
Performance Better Than the Current
Standard 45 nm CMOS Technology

Ramakant, Sanjay Vidhyadharan, Gangishetty Akhilesh,
Vaibhav Gupta, Anand Ravi and Surya Shankar Dan

Abstract In this work, the structure of a TFET device has been engineered such
that it is not only better than most of the TFETs reported in literature, it’s perfor-
mance is even better than the MOSFETs of the standard 45 nm CMOS technology.
The device-level optimization has been discussed, in which, starting with a simple
double-gate fully depleted TFET structure, the gradual improvement in device
performance has been demonstrated such that the final ON current is comparable to
that of the MOSFETs, while the OFF current remains at least three orders of
magnitude lesser than the MOSFETs at the same 45 nm technology node.
Optimization of the device structure has been carried out by studying the impact of
various asymmetries in the device structure. This work is intentionally restricted
only to the asymmetries which can be incorporated without any change in the
standard process technology.

95.1 Introduction

It is well-known that the drift-diffusion transport in MOSFETs restricts the mini-
mum inverse subthreshold slope (SS) at around 60 mV/decade change in the cur-
rent level at room temperature [1]. Recent research has highlighted the need for an
alternative device providing better switching performance [2] to counter the
impending power crises at the nano-scale electronics, when the power consumption
exceeds beyond the limits of reliable device operation. To meet this requirement,
TFETs have gained world-wide interest, since, the injection of carriers into the
conducting TFET channel occurs due to B2B tunneling [3, 4] instead of diffusion as
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in the case of conventional MOSFETs. Furthermore, the TFET SS characteristics is
controlled by the applied gate bias and therefore, SS decreases far beyond the
60 mV/decade MOSFET SS limit with decreasing gate voltage. Thus, TFETs are
promising alternative devices to the MOSFETs for low power applications [5].
Section 95.2 discusses the rationale behind adopting DG TFET device structure
along with its working principle. Section 95.3 discusses the various simulation
results obtained using synopsys® tools [6] and the physics-based explanations for
the corresponding results. Figures 95.2 and 95.3 respectively show the 2D contours
of the electric field and B2B generation in the proposed TFET device in the
schematic of Fig. 95.1.

Fig. 95.1 Schematic of the proposed tunnel TFET device (coordinates indicate the dimensions in
nm)

Fig. 95.2 Contours showing the variation of electric field (V/cm) throughout the cross-section of
the NTFET device with a width of 1 lm under a symmetric bias of VDS ¼ VGS ¼ 1V

Fig. 95.3 Contours showing the variation of B2B generation rate (in/cm3s) throughout the cross-
section of the NTFET device with a width of 1 lm under a symmetric bias of VDS ¼ VGS ¼ 1V
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95.2 Aim of the Study

A standard TFET device with DG structure has extremely low power consumption
due to its low current levels. But if we want to replace the current MOSFETs in VLSI
circuits with TFETs as viable switches, then the TFET based circuits (i) should be able
to work as fast as the MOSFETs and (ii) should have the same fan-out in the same
circuit. But the major limitation ofMOSFETs lie in the fact that their OFF currents are
much higher than the ones in TFETs [7, 8]. The aim of this work is tomodify the TFET
structure so that it achieves Ion as high as the MOSFETs and Ioff approximately three
orders of magnitude lower than that of the MOSFETs [9, 10] so that the static power
consumption in the circuit is minimized, without compromising the reliability and
robustness of the current CMOS technology.

95.2.1 TFET Device Structure

Figure 95.1 shows a schematic of a DG SiGe TFET structure. The most distin-
guishing feature of the p+n p−n TFET is the addition of an n pocket on the source
side [11]. The width and the doping of the pocket is taken as 9 nm and 5 � 1019/
cm3 respectively so that it is fully depleted. Insertion of the pocket reduces the
tunneling width at the source junction, thereby increasing the lateral electric field,
which enormously enhances B2B tunneling rate. This results in an improvement in
the ON current of the TFET. The channel length and width of the device is taken as
45 and 9 nm respectively. In TFET, the substrate is doped with 1017/cm3 p-type
dopant so that device remains fully depleted. Source and drain are heavily doped
with 1020/cm3 p and 1019/cm3 n type dopants.

95.2.2 Performance Evaluation of Proposed TFET

The proposed TFET with a channel length of 45 nm and width of 9 nm, biased at
drain VDS ¼ 1 V, front gate bias VFS ¼ 1 V and back gate bias VBS ¼ 1 V, was
simulated using synopsys® (TCAD). The result presented here are obtained using a
nonlocal B2B model. For more accurate results, such as Ion, Ioff , B2B generation
and electric field, meshing is applied for all the regions of TFET geometry.

95.3 Methods and Simulation Results

We have used functional and structural asymmetry, HfO2/poly-Si gate stack offset,
highly doped pocket region and strained SiGe substrate for improving the elec-
trostatics and circuit performance. The following subsections elaborate on the
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results obtained through numerical simulations and their corresponding physically
rational explanations.

95.3.1 Characteristics of Symmetric Device

Symmetric TFETs are obtained by creating an electrical short-circuit between the
front and back gates of the optimized TFET of Fig. 95.1. The simulated charac-
teristics for the symmetric NTFET device is shown in Fig. 95.4: NTFET ID � VGS

with increasing VDS (Fig. 95.4a), ID � VDS with increasing VGS (Fig. 95.4b).
The simulated characteristics for the symmetric PTFET device is shown in

Fig. 95.5: PTFET IS � VSG with increasing VSD (Fig. 95.5a) and IS � VSD with
increasing VSG (Fig. 95.5b).

Fig. 95.4 Characteristics of symmetric optimized TFETs: a NTFET ID � VGS with increasing
VDS; b NTFET ID � VDS with increasing VGS

Fig. 95.5 Characteristics of symmetric optimized TFETs: a PTFET IS � VSG with increasing
VSD; b PTFET IS � VSD with increasing VSG
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95.3.2 Impact of Functional and Structural Asymmetry

Functional asymmetry may be defined as the ratio of the back gate voltage VBSð Þ to
the front gate voltage VFSð Þ. Figure 95.6a shows the surface potential along the
SiGe front surface under VBS : VFS ¼ 0:0; 0:2; 0:4; 0:6; 0:8; 1:0 with constant front
gate bias VFS = 0.6 V, constant drain bias VDS = 1 V. Structural asymmetry may be
defined as the ratio of the back gate oxide thickness tbð Þ to the front gate oxide
thickness tfð Þ. Figure 95.6b shows the surface potential along the SiGe front surface
under tb : tf ¼ 1; 2; 5; 10; 20; 50 with constant front gate thickness tf ¼ 2 nm and
front & back gate bias VFS ¼ VBS ¼ 0:6V with a drain bias VDS = 1 V.

95.3.3 Impact of Gate-Stack Offset and Oxide Thickness

The gate-stack offset overlapping the source improves the drain current compared to
the conventional TFET without offset [7]. Figure 95.7a shows the impact of
gate-stack offset for different values of offset length with negative Loffset indicating
overlap and positive Loffset indicating underlap of the gate stack. It has been
observed that an overlap offset over the entire the source region yields the best B2B
generation and higher drain current [12]. The drain current increases with
decreasing gate dielectric thickness as shown in Fig. 95.7b. Extremely low
dielectric thicknesses may lead to direct gate oxide tunneling, which is detrimental
to the device operation. Hence we have replaced SiO2 with high-j dielectric
material (HfO2) as the dielectric material which has become quite standard in
modern nanoscale devices. It has been observed that the reduction of the gate oxide
thickness from 3 to 1.5 nm, results in increase in the drain current. Keeping reli-
ability in mind, we have not reduced the dielectric thickness further, as 1.2 nm was
reported as the minimum gate oxide thickness in Intel’s process [13].

Fig. 95.6 Simulated TFET potential profile at front surface for different values of a VBS : VFS

ratios and b tb : tf ratios
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95.3.4 Impact of Highly Doped Narrow Pocket and Strain

A highly doped source pocket is added, to enhance the electric field at the
source-channel junction, resulting in a higher Ion. The pocket and the source are
doped with dopants of opposite type. The width and the doping of pocket are
adjusted such that it is fully depleted. Due to the insertion of a thin fully depleted
pocket region, the tunneling width at the source reduces and the lateral electric field
increases [12, 14]. This result in an improvement in the Ion as shown in Fig. 95.8a.
It has been observed that Ion comparable to 45 nm CMOS is achieved in a strained
Si0.4Ge0.6 substrate in NTFET and strained Si0.2Ge0.8 substrate in PTFET. The
enhancement in the Ion is due to the increase in the mobility inside the channel
region. The influence of varying mole fraction x in Si1−xGex is shown in Fig. 95.8b
for NTFET.

Fig. 95.7 Influence of a Varying gate-stack offset on ID � VGS and b oxide thickness on ID � VGS

characteristics of NTFET

Fig. 95.8 Influence of a Varying dopant concentration in pocket region and b mole fraction x of
Si1−xGex substrate on ID � VGS characteristics of NTFET
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95.4 Comparison of ID � VGS Characteristics
of the Optimized NTFET with 45 nm NMOSFET

ID � VGS characteristics of NTFET and NMOSFET are shown in Fig. 95.9 for
different values of Vds. It has been observed that the TFET Ioff is approximately 3
orders of magnitude lower than the Ioff of NMOSFETS in the same circuit based on
45 nm standard CMOS technology. A significant improvement in the Ion : Ioff ratio
has been observed compared to standard 45 nm MOSFET with the same with of
1 µm. Hence the proposed TFET structure would be the better alternative for Low
power applications. Although this paper deals with device-level optimization,
which is inherently self-sufficient, yet the readers are encouraged to refer to the
adjoining Part II of this work (“Benchmarking the Performance of Optimized TFET
Circuit with the Standard 45 nm CMOS Technology Using Device & Circuit
Co-Simulation Methodology”) for the complete appreciation of this work.

95.5 Conclusion

In this paper (Part I of this work), a novel DG TFET structure has been proposed
which has superior circuit performance than the equivalent CMOS circuit. In the
adjoining paper (Part II of this work), the circuit performance has been analyzed
and benchmarked with the performance of 45 nm MOSFET for the same circuits.
The physics based description of the optimized TFET structure has been verified
using exhaustive numerical simulations carried out using synopsys® tools. The
influences of various asymmetries in DG TFET are used to improve the electro-
statics, which lead to better ID � VGS characteristics. Gate oxide stack offset has
been used on the source side in order to increase the ON current of the TFET. Since

Fig. 95.9 ID � VGS

characteristics of NTFET and
NMOSFET for different
values of VDS
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it is desirable that the Ion : Ioff current ratio in the TFET should be as high as
possible, we have introduced highly doped pocket and strained substrate to increase
the ON current and decrease the OFF current levels simultaneously in the TFET.
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Chapter 96
Part II: Benchmarking the Performance
of Optimized TFET-Based Circuits
with the Standard 45 nm CMOS
Technology Using Device & Circuit
Co-simulation Methodology

Sanjay Vidhyadharan, Ramakant, Gangishetty Akhilesh,
Vaibhav Gupta, Anand Ravi and Surya Shankar Dan

Abstract This paper presents the circuit performance of an optimized TFET device
whose performance is not only better than most of the TFET devices reported in
current literature, but exceeds the performance of state-of-the-art industry-standard
45 nm CMOS technology. Novel TFET structures have been proposed whose ON
current (Ion) matches with that of the MOSFETs, while maintaining the OFF current
(Ioff ) at least 3 orders of magnitude lower than the MOSFETs with the same width
and at the same technology node. The key performance metrics of the optimised
TFET-based circuits have been benchmarked with similar CMOS-based standard
digital circuits like the simple inverter, 2 input NAND gate, 2 input NOR gate, 2
input XOR gate, 6 transistor SRAM and 3 stage inverter chain. The overall
improvement in Power Delay Product (PDP) of the TFET-based circuits has been
demonstrated to be more than 97% lesser than the corresponding CMOS circuits.

96.1 Introduction

Recent developments in VLSI technology have enabled MOSFET scaling to sub
100 nm dimensions. While technology scaling has enabled much denser integration
of the CMOS transistors and faster device operation, it has also lead to higher static
leakage power. In CMOS digital applications, the speed of the circuit operation is
mainly determined by the Ion of the devices used in the circuit and the static power
consumption depends on the device Ioff . Technology scaling has introduced new
design constraints of lower bias (VDD) and threshold (Vt) voltages. Lower Vt has
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been achieved through gate work function engineering and through ion implanta-
tion in the channel. However, the lowering of Vt has resulted in higher static
leakage currents in the MOSFETs and with several millions of these nm-scale
transistors being placed on a single chip, the static power dissipation within the chip
has increased many folds. Unlike MOSFETs, conduction in TFETs is triggered by
band-to-band (B2B) tunneling at the source and channel junction. The intrinsic (or
very lightly-doped) channel region ensures very low Ioff . Earlier TFET designs were
plagued by poor Ion:Ioff ratio [1–5] and hence did not show any improvement over
the existing CMOS technology. Recent studies have demonstrated that higher
Ion:Ioff ratios may be achieved by using SiGe substrate, high-j dielectric materials
and a highly doped pocket region sandwiched between source-channel regions [6–
10] (Fig. 96.1). In Part I of this work, a standard double-gate TFET structure has
been optimized as shown in Fig. 96.1, to maximize the ratio which has made the
overall TFET performance better than CMOS in standard digital circuit compo-
nents, viz. a simple inverter, 2 input NAND, 2 input NOR, 2 input XOR, 6 tran-
sistor SRAM and 3 stage inverter chain.

96.2 Aim of the Study

Device-level sentaurus® TCAD [11] simulations were used to obtain NTFET’s
ID � VDS & ID � VGS characteristics and PTFET’s IS � VSD & IS � VSG character-
istics. The front and back gates were applied with same voltages to simulate
symmetrical gate bias conditions. The CSG &CDG capacitances were extracted
using AC analyses in TCAD. As there are no standard SPICE models available for

(a)

(b)

Fig. 96.1 a Schematic of the proposed TFET device and b B2B generation rate (cm−3 s−1) of the
NTFET device with a width of 1 lm under a symmetric bias of VDS ¼ VGS ¼ 1V
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the novel TFET structure in circuit simulators [12–14], a look up table based
verilog-A code has been formulated based on the results from TCAD simulations.
Circuit performance was then evaluated in SPICE using the verilog-A code in
cadence® [15]. The device & circuit co-simulation methodology and the TFET
output characteristics have been shown in Fig. 96.2a–c respectively.

96.3 Simulation Results and Performance Evaluation

96.3.1 Simple Inverter

The circuit performance of a 2 transistor TFET-based inverter was compared with
the same circuit using 45 nm CMOS devices. The schematic and simulation results

(a)

(c)(b)

Fig. 96.2 a Flowchart indicating the co-simulation methodology; b ID � VDS characteristics of
NTFET for varying VGS; c IS � VSD characteristics of the PTFET for varying VSG
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are shown in Figs. 96.3a and 96.4 respectively. The simulation results indicate an
average static power of 0.19 pW in TFET-based inverter which is significantly
lower than that of CMOS-based inverter which consumes 35.16 pW. The average
delay of TFET-based inverter is 0.245 ns while CMOS-based inverter exhibits a
delay of 0.075 ns. The PDP of TFET-based inverter is only 4.7 � 10−23 J while
that of CMOS-based inverter is 2.64 � 10−21 J. Overall, the decrement in PDP due
to the TFET-based inverter circuit is 98.2%, which is 0.017 times the PDP of
standard 45 nm CMOS inverter circuit, as shown in Table 96.1.

(e)(c)(a)

(f)(d)(b)

Fig. 96.3 a TFET inverter circuits. b 2 input NAND c 2 input NOR d 2 input XOR e 6 transistor
SRAM f 3 stage inverter chain

Fig. 96.4 Performance benchmark graphs of TFET and MOSFET based inverter
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96.3.2 Two Input NAND Gate

The circuit performance of a TFET-based 2 input NAND gate was compared with
same circuit using 45 nm CMOS devices. The schematic and simulation results are
shown in Figs. 96.3b and 96.5 respectively. The simulation results indicate average
static power of 0.34 pW in TFET-based NAND gate which is significantly lower
than that of CMOS-based NAND gate which consumes 38.39 pW. The PDP of
TFET-based NAND gate is only 1.72 � 10−22 J while that of CMOS-based NAND
is 6.14 � 10−21 J. Overall, the decrement in PDP due to the TFET-based NAND
gate is, which is 0.028 times the PDP of standard 45 nm CMOS-based NAND gate,
as shown in Table 96.1.

Table 96.1 Comparison of performance parameters of simple inverter, 2 input NAND gate and 2
input NOR gate

Circuit
parameter

Inverter 2 i/p NAND 2 i/p NOR

CMOS TFET CMOS TFET CMOS TFET

Bias Vdd (V) 1 1 1 1 1 1

Rise time
sLH (ns)

0.08 0.26 0.19 0.53 0.15 0.48

Fall time
sHL (ns)

0.07 0.23 0.12 0.48 0.15 0.45

Avg delay (ns) 0.075 0.245 0.16 0.505 0.15 0.465

Static Ilow (pA) 6.47 0.3 12.94 0.61 127.7 0.16

Static Ihigh (pA) 63.84 0.08 63.84 0.07 49.5 0.25

Avg
Pstatic (pW)

35.16 0.19 38.39 0.34 88.6 0.205

PDP (J) 2.64 � 10−21 4.7 � 10−23 6.14 � 10−21 1.72 � 10−22 1.33 � 10−20 9.53 � 10−23

Decrease in
PDP (%)

98.2 97.2 99.3

Fig. 96.5 Performance benchmark graphs of TFET and MOSFET based 2 input NAND gate
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96.3.3 Two Input nOR Gate

The circuit performance of a TFET-based 2 i/p NOR gate was compared with same
circuit of 45 nm CMOS device. The schematic and simulation results are shown in
Figs. 96.3c and 96.6 respectively. The simulation results indicate average static
power of 0.205 pW in TFET-based NOR gate which is significantly lower than that
of CMOS-based NOR gate which consumes 88.6 pW. The PDP of TFET-based
NOR gate is only 9.53 � 10−23 J while that of CMOS-based NOR is
1.33 � 10−20 J. Overall, the decrement in PDP due to the TFET-based NOR circuit
is 99.3%, which is 0.007 times the PDP of standard 45 nm CMOS-based NOR
circuit as shown in Table 96.1.

96.3.4 Two Input XOR Gate

The circuit performance of a TFET-based 2-i/p XOR gate was compared with same
circuit of 45 nm CMOS device. The schematic and simulation results are shown in
Figs. 96.3d and 96.7 respectively. The simulation results indicate average static
power of 0.187 in TFET-based XOR gate which is significantly lower than that of
CMOS-based XOR gate which consumes 188.4 pW of power. The PDP of
TFET-based XOR is only 1.05 � 10−22 J while that of CMOS-based XOR is
3.39 � 10−20 J. Overall, the decrement in PDP due to the TFET-based XOR circuit
is 99.7%, which is 0.003 times the PDP of standard 45 nm CMOS-based XOR
circuit, as shown in Table 96.2.

Fig. 96.6 Performance benchmark graphs for TFET and MOSFET based 2 input NOR gate
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96.3.5 Six Transistor SRAM

The circuit performance of a 6 Transistor TFET-based SRAM was compared with
same circuit of 45 nm CMOS device. The schematic and simulation results are
shown in Figs. 96.3e and 96.8 respectively. The simulation results indicate average
static power of 4.93 pW in TFET-based SRAM which is significantly lower than
that of CMOS SRAM which consumes 76.01 pW of power. The PDP of
TFET-based SRAM is only 5.13 � 10−21 J while that of CMOS SRAM is

Table 96.2 Comparison of performance parameters of 2 input XOR gate, 6T SRAM and chain of
inverters

Circuit
parameter

2 i/p XOR 6T SRAM Chain of Inverters

CMOS TFET CMOS TFET CMOS TFET

Bias Vdd (V) 1 1 1 1 1 1

Rise time
sLH (ns)

0.22 0.65 0.60 1.10 0.28 0.90

Fall time
sHL (ns)

0.14 0.46 0.44 0.97 0.26 0.89

Avg delay (ns) 0.18 0.56 0.52 1.04 0.27 0.895

Static
Ilow (pA)

99.0 0.28 78.05 6.91 1093.7 2.80

Static
Ihigh (pA)

277.8 0.094 73.96 2.95 1383.9 0.97

Avg
Pstatic (pW)

188.4 0.187 76.01 4.93 1238.8 1.89

PDP (J) 3.39 � 10−20 1.05 � 10−22 3.96 � 10−20 5.13 � 10−21 3.34 � 10−19 1.69 � 10−21

Decrease in
PDP (%)

99.7 87 99.5

Fig. 96.7 Performance benchmark graphs for TFET and MOSFET based 2 input XOR gate
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3.96 � 10−20 J. Overall, the decrement in PDP due to the TFET-based SRAM
circuit is 87%, which is 0.003 times the PDP of standard 45 nm CMOS-based
SRAM circuit, as shown in Table 96.2.

96.3.6 Three Stage Chain of Inverters

The circuit performance of a TFET-based 3 stage chain of inverters having a width
scaling factor of 4 per stage [16] was compared with same circuit of 45 nm CMOS
device. The schematic and simulation results are shown in Figs. 96.3f and 96.9
respectively.

The simulation results indicate average static power of 1.89 pW in TFET-based
chain of inverter which is significantly lower than that of CMOS-based chain of

Fig. 96.8 Performance benchmark graphs for TFET and MOSFET based 6 transistor SRAM

Fig. 96.9 Performance benchmark graphs for TFET and MOSFET based 3 stage inverter chain
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inverter which consumes 1238.8 pW of power. The PDP of TFET-based chain of
inverter is only 1.69 � 10−21 J while that of CMOS-based chain of inverter is
3.34 � 10−19 J. Overall, the decrement in PDP due to the TFET-based
inverter-chain circuit is 99.5%, which is 0.005 times the PDP of standard 45 nm
CMOS-based inverter chain circuit, as shown in Table 96.2.

96.4 Comparative Study of the Key Performance Factors

The key performance parameters of the improved TFET have been compared with
CMOS transistors in all the above circuits. The results are summarized and anno-
tated in Tables 96.1 and 96.2.

96.5 Conclusions

The optimised TFET have been found to consume significantly low power when
compared to CMOS devices, however they are slightly slower than the CMOS
devices. The overall power delay product of TFETs have been found much lesser
than corresponding CMOS circuits. The proposed TFETs have a very high
steep-subthreshold slope, low off-current and capability to operate at lower Vdd and
hence they are much more power efficient option to replace CMOS devices in
digital applications.

References

1. M.R. Salehi, E. Abiri, S.E. Hosseini, B. Dorostkar, Design of tunneling field-effect transistor
(TFET) with AlxGa1−xAs/InxGa1−xAs hetero-junction, in 2013 21st Iranian Conference on
Electrical Engineering (ICEE) (2013), pp. 1–3

2. W. Wang et al., Design of U-shape channel tunnel FETs with SiGe source regions. IEEE
Trans. Electron Devices 61(1), 193–197 (2014)

3. R. Vishnoi, M.J. Kumar, An accurate compact analytical model for the drain current of a
TFET from subthreshold to strong inversion. IEEE Trans. Electron Devices 62(2), 478–484
(2015)

4. P. Pandey, R. Vishnoi, M.J. Kumar, Drain current model for SOI TFET considering source
and drain side tunneling, in 2014 IEEE 2nd International Conference on Emerging
Electronics (ICEE) (2014), pp. 1–5

5. E. Baravelli, E. Gnani, A. Gnudi, S. Reggiani, G. Baccarani, TFET Inverters with n-/
p-devices on the same technology platform for low-voltage/low-power applications. IEEE
Trans. Electron Devices 61(2), 473–478 (2014)

6. C. Schulte-Braucks et al., Fabrication, characterization, & analysis of Ge/GeSn heterojunction
p-type tunnel transistors. IEEE Trans. Electron Devices 64(10), 4354–4362 (2017)

96 Part II: Benchmarking the Performance of Optimized … 627



7. H. Ilatikhameneh, Y. Tan, B. Novakovic, G. Klimeck, R. Rahman, J. Appenzeller, Tunnel
field-effect transistors in 2-D transition metal dichalcogenide materials. IEEE J. Explor.
Solid-State Comput. Devices Circuits 1, 12–18 (2015)

8. S. Kumar et al., 2-D analytical modeling of the electrical characteristics of dual-material
double-gate TFETs with a SiO2/HfO2 stacked gate-oxide structure. IEEE Trans. Electron
Devices 64(3), 960–968 (2017)

9. M.G. Ajay, R. Narang, M. Saxena, Analysis of cylindrical gate junctionless tunnel field effect
transistor (CG-JL-TFET), in 2015 Annual IEEE India Conference (2015), pp. 1–5

10. S. Saurabh, M. Jagadesh Kumar, Fundamentals of Tunnel Field-Effect Transistors. CRC
Press

11. Basic TCAD Sentaurus [Online]. Available: https://www.synopsys.com/support/training/dfm/
basic-training-on-tcad-sentaurus-tools.html

12. H. Liu, V. Saripalli, V. Narayanan, S. Datta, III–V tunnel FET model [Online]. Available:
http://dx.doi.org/10.4231/D30Z70X8D

13. J. Wang, N. Xu, W. Choi, K.-H. Lee, Y. Park, A generic approach for capturing process
variations in lookup-table-based FET models, in 2015 International Conference on
Simulation of Semiconductor Processes and Devices (SISPAD) (2015), pp. 309–312

14. M. Fahad, Z. Zhao, A. Srivastava, L. Peng, Modeling of graphene nanoribbon tunnel field
effect transistor in Verilog-A for digital circuit design, in 2016 IEEE International Symposium
on Nanoelectronic and Information Systems (iNIS) (2016), pp. 1–5

15. EDA Tools & IP for System Design Enablement Cadence [Online]. Available: https://www.
cadence.com/content/cadence-www/global/en_US/home.html

16. J. Rabaey, A. Chandrakasan, B. Nikolic, Digital Integrated Circuits. 3rd edn. Prentice-Hall,
Inc

628 S. Vidhyadharan et al.

https://www.synopsys.com/support/training/dfm/basic-training-on-tcad-sentaurus-tools.html
https://www.synopsys.com/support/training/dfm/basic-training-on-tcad-sentaurus-tools.html
http://dx.doi.org/10.4231/D30Z70X8D
https://www.cadence.com/content/cadence-www/global/en_US/home.html
https://www.cadence.com/content/cadence-www/global/en_US/home.html


Chapter 97
Investigation of Junctionless Transistor
Based DRAM

Md. H. R. Ansari, Nupur Navlakha, Jyi-Tsong Lin
and Abhinav Kranti

Abstract In this work, we have investigated Double Gate junctionless transistor
based capacitorless Dynamic Random Access Memory (1T-DRAM). The back gate
is responsible for formation of an electrostatic potential well, while the front gate
distinguishes the two states based on the charge stored at the back. The read
operation is performed through drift-diffusion mechanism. The independent gate
operation results in a retention time of 170 ms for gate length of 400 nm at 85 °C.

97.1 Introduction

Junctionless (JL) transistors have emerged as possible candidates for downscaling
due to inherent suppression of short channel effects [1]. The same type of dopant
facilitates a simple fabrication process. JL transistors have also shown dynamic
floating body effects (FBEs) at lower drain bias compared to inversion mode devices
[2]. Capacitorless DRAM (1T-DRAM) uses the floating body to store the charge.
Conventional 1T-1C DRAM consists of a transistor as switch and capacitor to store
the charge. 1T-DRAMs were introduced to replace the conventional 1T-1C DRAM
due to issues related to capacitor scaling [2]. The 1T-DRAM approaches several
potential advantages that include better scalability with simpler fabrication process.
Several types of 1T-DRAM cells have been proposed where the excess of carriers
are generated in the floating body by impact ionization [2], gate induced drain
leakage [3], parasitic bipolar junction transistor [4] and band-to-band tunneling [5].
The previous results have shown the possibility of utilizing junctionless transistor as
1T-DRAM with retention time of few milliseconds at room temperature [6].
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In this work, JL transistor has been investigated as a 1T-DRAM to estimate its
performance metrics such as sense margin and retention time at 85 °C. JL transistor
requires high workfunction to deplete the carriers from the silicon film and create a
deeper potential well to store the charge for higher retention time. The independent
gate operation of the device utilizes the front gate (G1) for conduction and back
gate (G2) for charge storages. The state “1” and “0” can be distinguished through
the presence and absences of holes at the back surface of the silicon film. Retention
time is the main concern of the memory which is governed through the generation
and recombination of holes in the device. In order to retain the holes for longer
duration, a negative back gate bias is required to maintain the potential well and
control the generation and recombination of holes.

97.2 Results and Discussion

n-type Double Gate (DG) JL structure (Fig. 97.1) was simulated using ATLAS
software [7] with appropriate models for bipolar effects, mobility and temperature
dependence. The proposed device with gate length (Lg) of 400 nm, silicon film
thickness (TSi) of 10 nm, underlap length (Lun) of 10 nm and channel doping (Nd)
of 1018 cm−3 was investigated as a dynamic memory with independent gate (G1 and
G2) operation. The functionality as DRAM is based on charging and discharging
where back gate of JL MOSFET is utilized to form the electrostatic potential well.

Write “1” (W1) is defined as storage of holes at the back surface in the channel
region. As demonstrated in [8, 9], Band-to-Band Tunneling (BTBT) occurs in JL
transistor when negative bias at the back gate and positive at drain is applied. This
reduces the tunneling width at drain/gate junction, and thus, electrons can easily
tunnel from valence band of the channel to conduction band of the drain as shown
in (Fig. 97.2a). The electron-hole pairs generated through (BTBT) is a power
efficient write method [3, 10]. The potential profile for Write “1” operation along

TSi

Source

Oxide

Oxide

G1

G2

Drain

n++ n++n+Y
X

Lg

Fig. 97.1 Simulated device with independent double gate (DG) junctionless (JL) transistor
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the channel is shown in (Fig. 97.2b). This shows the presence of holes at the lower
potential region in the silicon film (state “1”).

The generated holes can be evacuated by applying positive gate voltage that
sweeps holes out of storage region (Fig. 97.2b). The absence of holes in the silicon
film is an indicative of state “0”. The presence and absence of holes can be sensed
through the read operation. The presence of excess holes at the back results into
higher effective potential at the front surface. This increased potential show more
barrier lowering for electrons and thus, contributes towards higher current flow, as
compared to state “0” current in read operation. The difference in the current for
both the states, during Read operation is known as sense margin.

The time at which maximum sense margin reaches 50% of its value, is known as
retention time, which depends on the generation/recombination of the carriers
regulated through the applied bias, predominantly on the Hold operation. A higher
bias applied during Hold show more hole recombination that degrades state ‘1’,
while a lower bias result into increased hole generation in the storage region that
decays state ‘0’. Thus, appropriate bias values are adopted to regulate the genera-
tion and recombination. Figure 97.2c shows the retention time of 170 ms for
Nd = 1018 cm−3 for Lg = 400 nm at 85 °C. The results obtained highlight the
opportunity of utilizing, as well as further exploring JL devices for capacitorless
dynamic memory.
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Fig. 97.2 a Energy band diagram of Junctionless transistor during Write “1”, extracted at the
back surface of the silicon film. Variation in b potential profile during Write “1” (W1) and “0”
(W0) and c retention characteristics of JL 1T-DRAM. CB and VB indicate conduction band and
valence band. I1 and I0 indicate the read current for state “1” and “0”, respectively
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Chapter 98
Study of Extended Back Gate Double
Gate JunctionLess Transistor:
Theoretical and Numerical Investigation

Vandana Kumari, Abhineet Sharan, Manoj Saxena
and Mridula Gupta

Abstract In this work, sub-threshold drain current model of Extended back
Gate-Junctionless Transistor has been presented. Influence of fringing field from the
gate over the extended source/drain region has also been included and verified with
the ATLAS device simulation results. Superior gate controllability (compared to
extended Source/drain conventional DG-JL transistor) and better device reliability
(compared to schottky barrier source/drain DG-JL transistor) can be achieved using
extended back gate in conventional DG-JL transistor. Device also shows superior
Ion/Ioff ratio, sub-threshold slope, trans-conductance and device efficiency compared
to conventional DG-JLT.

98.1 Introduction

With the aggressive scaling of the MOSFETs, remarkable enhancement in short
channel effects SCEs (i.e. excessive leakage current and poor DIBL) has been
observed resulting in deterioration of device electrical characteristics [1]. To avoid
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these challenges, junctionless transistor has received serious consideration (as it is
easier to manufacture and has superior short channel immunity) [2, 3]. In 2017,
Sahay et al. demonstrated the behavior of extended back gate Junctionless transistor
using TCAD [4]. The said device shows better scaling capability compared to
conventional Junctionless architecture. In this work, same concept has been
employed on to the Double Gate Junctionless Transistor to further enhance the
device performance. However it was observed that the influence of the extended
back on DG-JL transistor is opposite from the single Gate JL transistor i.e. leakage
current as well as on-current both are increases. Thus, to explore the behavior of the
device, efficient 2D analytical model has been developed, for Extended
Back-Double Gate Junctionless transistor, in this work using Evanescent Mode
Analysis (EMA) [5] technique. Potential and Sub-threshold drain current of
Extended Back Gate DG-JL transistor has been evaluated analytically and verified
using ATLAS device simulation results [6].

98.2 Analytical Modeling

Analytical model for potential and sub-threshold drain current for the extended
back gate DG-JLT (as shown in Fig. 98.1) has been developed including the impact
of both the fixed charge carriers as well as mobile charge carriers. The Poisson’s
equation considering both fixed and mobile charges in the silicon region can be
written as:

@2u x; yð Þ
@x2

þ @2u x; yð Þ
@y2

¼ qNd

esi
exp

u x; yð Þ � V
Vt

� 1
� �� �

ð98:1Þ

where u(x,y) is the channel potential, V is the electron quasi-Fermi potential, Nd is
the channel doping concentration, esi is the permittivity of silicon. The corre-
sponding 2D boundary value problem can be divided into two sub-problems, a 1D
Poisson’s equation uIj(x) and a 2D Laplace equation uIIj(x). Using the superposition
principle, the complete channel potential solution has been formulated.

Fig. 98.1 Schematic view of
extended back gate Double
Gate JunctionLess transistor:
L2 is the channel region, L1
and L3 represents extended
source and drain regions
respectively, tch is the channel
thickness and tox is the oxide
thickness
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@2uIðxÞ
@x2

¼ qNd

esi
exp

uðxÞ � V
Vt

� 1
� �� �

ð98:2Þ

The above expression has been approximated using Taylor’s series (up to linear
term):

Thus (98.2) can be approximated as:

@2uIðxÞ
@x2

¼ qNd

esi
exp

uðxÞ � V
Vt

� �� �
ð98:2aÞ

The general solution of (98.2a) is solved and found to be:

uIjðxÞ ¼ c1j exp

ffiffiffiffiffiffiffiffiffi
qNd

esiVt

r
x

� �
þ c2j exp �

ffiffiffiffiffiffiffiffiffi
qNd

esiVt

r
x

� �
þV ð98:2bÞ

where c1j and c2j can be found by the boundary conditions and

Expression for Channel Region:
The Boundary Condition for this region are as follows:

uI2ðtchÞþ tox
esi
eox

@uI2ðtchÞ
@x

¼ Vgs � Vfb ð98:3aÞ

uI2ð0Þ � tox
esi
eox

@uI2ð0Þ
@x

¼ Vgs � Vfb ð98:3bÞ

where, Vfb represents Flat band Voltage
Solving (98.2b) with the boundary conditions,

c22 ¼
Vgs � Vfb � V
� �

1� tox
esi
eox

ffiffiffiffiffiffiffi
qNd
esiVt

q� �
� 1þ tox

esi
eox

ffiffiffiffiffiffiffi
qNd
esiVt

q� �
exp

ffiffiffiffiffiffiffi
qNd
esiVt

q
tch

� �� �
1� tox
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eox

ffiffiffiffiffiffiffi
qNd
esiVt

q� �2
exp �

ffiffiffiffiffiffiffi
qNd
esiVt

q
tch

� �
� 1þ tox
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eox

ffiffiffiffiffiffiffi
qNd
esiVt

q� �2
exp

ffiffiffiffiffiffiffi
qNd
esiVt

q
tch

� �
ð98:4aÞ

c21 ¼
Vgs � Vfb � V � c22 1þ tox

esi
eox

ffiffiffiffiffiffiffi
qNd
esiVt

q� �� �
1� tox

esi
eox

ffiffiffiffiffiffiffi
qNd
esiVt

q ð98:4bÞ

In order to calculate one-dimensional constants in region 1 and 3, influence of
fringing field has been included in the modeling approach by changing the
boundary conditions applied at the interface of upper gate [7]. However, at the
lower gate/oxide interface conventional potential equation (i.e. Vgs − Vfb) has been
considered to solve the respective constants.
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One Dimensional Constants for Source Side:
Boundary Conditions:

uI1ðtchÞþ tox
esi
eox

@uI1ðtchÞ
@x

¼ Vgs � Vfb ð98:5aÞ

uI1ð0Þ � tox
esi
eox

@uI1ð0Þ
@x

¼ Vgs � Vfb þ Vgs � Vfb � Vbi

L1
y� L1ð Þ ð98:5bÞ

Solving (98.2b) with the above conditions yields,

c11 ¼
Vgs � Vfb � V � c12 1� tox

ffiffiffiffiffiffiffi
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q
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c12 yð Þ ¼

Vgs�Vfb�Vbið Þ
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One Dimensional Constants for Drain Side:
Boundary Conditions:

uI3ð0Þ � tox
esi
eox

@uI3ð0Þ
@x

¼ Vgs � Vfb þ
� Vgs � Vfb
� �þVbi þVds
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y� L1 � L2ð Þ

ð98:6aÞ

Solving (98.2b) using (98.6b) and (98.5a) boundary conditions yields,
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c31 ¼
Vgs � Vfb � V � c32 1þ tox
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Two Dimensional Potential can be expressed in the form of Laplace equation:
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@2uIIjðx; yÞ
@x2

þ @2uIIjðx; yÞ
@y2

¼ 0 ð98:7aÞ

The solution of the above can be written as:

uIIjðx; yÞ ¼ sin
p
teff
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esi
eox
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G2j sinh
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teff

� �
þH2jinh

p
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Li � y

 ! !" #

ð98:7bÞ

Constants in given in (98.7b) (i.e. G and H) have been calculated by assuming
constant potential at the source/drain-channel interfaces i.e. Vbi and Vbi + Vds. Apart
from this, continuity of potential and electric field has also been applied at the
interfaces i.e. source/drain-channel. Solving (98.7b) with the above boundary
conditions gives
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where
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Two dimensional Potential (obtained by solving 2D Laplace equation) inside the
channel region is given by the sum of (98.2b) and (98.7b). The sub-threshold
current of the device has been evaluated by integrating the total channel potential
over entire channel length and thickness [7].

98.3 Validation of Analytical Results

Figure 98.2a–c compares the potential profile of extended back gate DG-JL archi-
tecture at difference channel lengths and source/drain extended region. Compared to
5 nm extended source/drain architecture (i.e. Fig. 98.2a), higher source drain length
(Fig. 98.2b) shows less curvature in potential i.e. lesser impact of applied drain bias on
the minimum channel potential. With the reduction in channel length (as shown in
Fig. 98.2c), the influence of drain bias on the minimum channel potential increases
and thereby reducing the threshold voltage of the device.

Figure 98.3a shows that the usage of high-k oxide leads to reduction in leakage
current along with the enhancement in on-state current. Also the enhancement in off
state current with drain bias is significant at 22 nm channel length as shown in
Fig. 98.3b compared to Fig. 98.2a.

Figure 98.4a compare the behaviour of conventional DG-JL transistor with
extended back gate DG-JL transistor. As seen from the figure, extended DG-JL
transistor shows higher on-state current and drain current enhancement with
channel length scaling. The Ion/Ioff ratio of the device increases in case of extended
back gate DG-JL transistor (54%) and the reduction in Ion/Ioff ratio with channel
length scaling is also lower in extended back gate DG-JL transistor (12%).
Figure 98.4b illustrates that the device effciency of the extended back gate DG-JL
transistor is superior than the conventional DG-JL tansistor. Also the reduction in
device efficiency with channel length is higher in conventional DG-JL transistor,
thereby showing better scaling capability of extended back gate DG-JL transistor.
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(a) (b)

(c)

Fig. 98.2 Surface potential profile along the channel length a L2 = 32 nm, L1 = L3 = 5 nm
b L2 = 32 nm, L1 = L3 = 10 nm and c L2 = 22 nm, L1 = L3 = 5 nm

(a) (b)

Fig. 98.3 Drain current with gate voltage a at L2 = 32 nm, circle-L1 = L3 = 5 nm, Vds = 0.5 nm,
oxide permittivity = 3.9, filled square-L1 = L3 = 5 nm, Vds = 0.1 and oxide permittivity = 3.9,
square-L1 = L3 = 5 nm, Vds = 0.1 and oxide permittivity = 22, and b L2 = 22 nm, double circle-
L1 = L3 = 5 nm, Vds = 0.1 nm, double square-L1 = L3 = 5 nm, Vds = 0.5 V
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98.4 Conclusion

Sub-threshold drain current model for extended back gate Double Gate Junctionless
Transistor has been evaluated in this work using superposition technique and
verified the same using ATLAS TCAD results for channel length down to 22 nm.
Results are also compared with the conventional DG-JL Transistor and it was
inferred that, Extended Back Gate Device shows better performance, in terms of
higher device efficiency and lower dependence on the drain bias.
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Chapter 99
PrMnO3-Based Scaled (<300 nm)
Nonlinear RRAM Device
for Selector-Less Array Application

P. Kumbhare, S. Chouhan and Udayan Ganguly

Abstract Inherent nonlinearity (NL) in low resistance state (LRS) current of
resistive random access memory (RRAM) devices is essential to reduce current
leakage due to sneak paths in selector-less RRAM arrays. In this work, we reporta
PrMnO3 i:e: PMOð Þ based bipolar resistive random access memory (RRAM) with
high nonlinearity (NL) and memory window (MW). The presented W/PMO/Pt
device exhibits a read NL of 97 ± 4 and set NL of 40 ± 4 (2.5� improvement)
along with a MW of 150 ± 2. The presented device also exhibitsRESET voltage
controlled multiple resistance levels for multi-bit operation. Further, area scaling of
currents is demonstrated up to 300 nm device dimension. The obtained NL & MW
values are benchmarked against literature. High NL, MW and scaling in
PMO-based RRAM is being reported for the first time in this work.

99.1 Introduction

Most of the resistive random access memory (RRAM) devices are characterized by
very less nonlinearity (NL) (<10) in low resistance state (LRS) current. This lead to
formation of sneak paths that causes current leakage and higher power dissipation.
To avoid this, highly nonlinear diode-like selector devices are required to be added
in series with the RRAM devices. However, this adds complexity to the fabrication
process. Thus, RRAM devices with high inherent NL are attractive and are being
explored. Techniques like adding extra tunnel barrier layers in series with the
RRAM oxide have been adopted to increase NL in otherwise linear RRAM devices
[1]. However, this approach involves understanding interfaces between the oxides
and their integration. In this work, we demonstrate nonlinearity in PrMnO3-based
RRAM devices without adding any extra layer. The presented W/PrMnO3=Pt
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device exhibits high NL and MW along with multilevel cell capability and area
scalable current. Different performance values and their comparison with other
selector-less devices is presented later in the paper.

99.2 Experimental Details

The schematic of the fabricated devices is shown in Fig. 99.1a. The devices were
fabricated on Si/SiO2 substrates. The RCA cleaned Si 100h i wafer was thermally
oxidized at 1000 °C in rapid thermal processing system to obtain 40 nmSiO2.
A bottom electrode of Pt (70 nm) was then sputtered on Si/SiO2 with 20 nmTi
interlayer for adhesion of Pt on SiO2. Next, 45 nm PrMnO3 i:e: PMOð Þ film was
sputtered on Si/SiO2=Ti/Pt substrate and annealed at 650 °C for 30 s in N2 ambient.
Annealing makes the as-deposited amorphous PMO film poly-crystalline. Then, a
SiO2 (40 nm) isolation layer with via holes of different areas (50 lm to 300 nm) on
PMO surface are made by patterning and SiO2 lift-off. Finally, 70 nm thick W top
electrode pads aremade by patterning, sputtering W and lift off.

99.3 Results

The presented device shows bipolar resistance switching (Fig. 99.1b). The SET
process (HRS ! LRS) and RESET process (HRS ! LRS) takes place in negative
and positive polarity, respectively. The LRS state of this device shows an abrupt
change in current (14 mV/dec). The LRS state with nonlinearity is stable i.e. no
resistive switching occurs. Similar abruptness in LRS current was earlier observed
in PrCaMnO3-based RRAM [2]. This abrupt rise in current has been attributed to

Fig. 99.1 a Device schematic. b Resistive switching in W=PMO=Pt with high NL in LRS
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self-heating. According to the self-heating model, temperature of the device rises
after a critical power density which increases the current in the semi-conducting
material. The increased current further increases power dissipation, and hence the
device temperature, to result into a positive feedback process, causing a steep rise in
current. This abrupt change results in high nonlinearity (NL) in LRS current. The V/
2 bias scheme is assumed for calculating NL & MW values. The read nonlinearity,
NLREAD, is determined as ILRSðVREADÞ=ILRSðVREAD=2Þ, where VREAD is read
voltage. The MW is determined as ILRSðVREADÞ=IHRSðVREADÞ. Here, IHRS stands for
current in high resistance state (HRS). We select VREAD such that the values of
NLREAD and MW obtained are maximum as shown in Fig. 99.1b. The NLSET is
determined as ILRSðVSETÞ=ILRSðVSET=2Þ, where VSET is the SET voltage. The NL
and MW value is shown as mean (l) � standard deviation (r), represented as
l� r. The device presented in Fig. 99.1b has NLREAD of 97� 4 and NLSET of
40� 4 along with a MW of 150� 2 in dc.

Figure 99.2 shows that multiple HRSs can be obtained by using different VRESET

voltages for multi-levelcell capability. Resistive switching in manganite RRAM
(here, PMO) is based on oxygen ion migration under the effectelectric field. When
positive voltage is applied, the oxygen ions moves towards the W electrode leaving
behind an oxygen vacancy or trap. Space charge limited current (SCLC) has been
reported to be the dominant current conduction mechanism in semiconducting
manganite based RRAM [1]. The SCLC current depends upon the trap density in
semiconductor and is given by

Itrap Vð Þ ¼ hItrap�free Vð Þ ð99:1Þ

where, Itrap and Itrap-free are SCLC current with and without traps, respectively. h
depends upon trap density (NT), trap energy (ET), effective density of states (NV) in
valence band, valence band energy (EV), temperature (T), and Boltzmann’s con-
stant (kB) as shown below:

Fig. 99.2 Multiple HRSs
obtained by changing VRESET
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h ¼ NV

NT
exp

EV � ET

kBT

� �
ð99:2Þ

The current reduces when trap density is increased as most of the carriers (holes)
prefer to occupy trap state and, thus, reducing the number of carriers available for
conduction in thevalence band. Thus, oxygen ion transport causes trap density
change which causes current and consequent resistance change. Hence, by
increasing VRESET the trap density is increased and the device goes further into
higher HRS state. As a result, multiple levels can be obtained for multi-bit cell
capability.

Figure 99.3a shows virgin state current for devices with different areas (50 lm
to 200 nm). The virgin state current decreases as the device area is reduced. Also,
the switching characteristics scales with area with NL and MW intact (Fig. 99.3b).
Thus, a scalable nonlinear selector-less device is obtained.

The NL and MW obtained for the presented device is compared to other
selector-less RRAM devices in Fig. 99.4. A better combined performance for NL
and MW has been obtained compared to other reported devices.

Fig. 99.3 a Area scaling of virgin state current b Area scaling of resistive switching

Fig. 99.4 Benchmarking NL
& MW against literature
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99.4 Conclusion

In this work, we have demonstrated a W/PMO/Pt based bipolar RRAM device with
high NL and MW, multi-level cell capability and area scaling for selector-less
RRAM array applications. The abrupt nonlinearity in LRS current is attributed to
self-heating based thermal runaway. Further, NL and MW performance is bench-
marked against literature and is found to be comparable or better than the other
selector-less RRAM devices.
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Chapter 100
Simulation Study on Stability Aspect
of Dual Metal Dual Dielectric
Based TFET Architectures Against
Temperature Variations

Upasana, Rakhi Narang, Manoj Saxena and M. Gupta

Abstract In this work simulation based investigation on stability aspect of Dual
material Dual Dielectric based TFET configurations has been carried out. The
device stability has been analyzed with variation in temperature using previously
proposed architectures i.e. Dual Material Gate (DMG) TFET, Hetero-Dielectric
(H-D) TFET and Dual Material Gate (DMG) Hetero-Dielectric (H-D) TFET. The
simulation has been carried out using ATLAS device simulation software. For
better clarity about the device sensitivity, circuit level analysis has been carried out
using n-TFET inverter with resistive load. The time based study has been done
where important figures of merit i.e. fall time delay and peak overshoot voltage and
their dependence on operating temperature has been investigated.

100.1 Introduction

Tunnel FETs (TFETs) have been previously demonstrated both experimentally and
through simulations to check their stability against temperature variations [1, 2].
The performance of TFETs with MOSFETs has been compared where TFETs show
better temperature stability in terms of shift in threshold voltage (Vth) and off-state
current (Ioff) increment with temperature [1]. In this work, the impact of operating
temperatures over three different TFET configurations i.e. DMG, H-D and DMG
H-D TFET is demonstrated through simulation.
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100.2 Device Architecture and Simulation Details

The TFET device architectures (refer to Fig. 100.1a–c) are studied using ATLAS
device simulation tool [3]. All three device architectures i.e. DMG, H-D and DMG
H-D TFET can be referred from [4, 5] where the details regarding device param-
eters are clearly mentioned.

For simulation, SRH, CONMOB, FLDMOB and non local BTBT models have
been used. Since, all abovementioned three architectures have to be compared,
therefore the device threshold voltage (Vth) has been kept similar and considered to
be equal to 0.38 V. In order to meet these demands of having Vth = 0.38 V, the
metal gate work function for H-D TFET is tuned to 4.03 eV.

100.3 Results and Discussion

Using simulation tool, Ids − Vgs and Sub-Threshold Swing (SS) trends for all three
architectures (represented through Fig. 100.1), have been examined. From
Fig. 100.2, it is observed that with increasing temperature both Ioff and Ion current
increases. However, the rate of change in Ion with temperature is very less than the
rate of change in Ioff with temperature. The trends for all three architectures are
more or less similar since, the current conduction mechanism in all three devices is
band to band tunneling.

Comparing all three above mentioned architectures, the benefit of using DMG
H-D TFET can be clearly observed since it helps in further suppressing the
ambipolar conduction (when compared with DMG TFET) and SS value when

Fig. 100.1 a DMG TFET b H-D TFET and c DMG H-D TFET architectures
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compared with H-D TFETs. To validate the above statement, SS values for all three
abovementioned architectures have been evaluated and compared. Furthermore, the
dependence of SS on temperature is analyzed and shown in Fig. 100.3a at fixed Vds

of 1.0 V. Also, the change and the percentage change in SS for all three cases has
been computed keeping SS of T = 300 K as reference point and is shown in
Fig. 100.3b, c respectively. For T = 275 K and above cases, all three devices are
immune to temperature effects whereas, below 275 K the change in SS can be
observed more prominently. Comparing all three architectures it can be observed
that below 275 K, H-D TFETs are more temperature sensitive than other two
architectures i.e. DMG TFET and DMG H-D TFET. This change is least in cases
for DMG TFETs. It is important to note that the temperature sensitivity of H-D
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TFETs below 275 K, can be suppressed by using them in combination to DMG
TFETs where the swing of DMG H-D TFETs is significantly suppressed. Further,
DMG H-D TFETs also work effectively to suppress the ambipolar conduction in
case of DMG TFETs.

In previous section (refer to Fig. 100.3), the impact of temperature on the
off-state behavior of device has been mentioned. However, to comment about the
on-state behavior of device, circuit level performance has been judged for all three
architectures. For this, n-TFET inverter with resistive load has been simulated. The
circuit can be referred from [4, 5] where transient performance for all three device
architectures has been investigated. The circuit operation under different operating
temperatures (250, 275, 300, 325 and 350 K) has been carried out and important
parameters such as fall time delay and peak overshoot voltage have been evaluated
from the transient curves. Figure 100.4a–c refers to the transient performance
curves (at different temperature) for DMG TFET, H-D TFET and DMG H-D TFET
respectively. Figure 100.4d compares all three architectures for single T = 25 K.
From these trends (Fig. 100.4), it is observed that H-D TFETs are highly sensitive
to temperature variations. For all three device architectures, similar response is
captured which states that for higher temperature the device response is compara-
tively fast which an essence especially for digital applications. Among, all three
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device architectures, DMG H-D TFETs offer better performance because of fastest
digital response. This output response for all three architectures has been utilized
for performance evaluation in terms of fall time delay and peak overshoot voltage
values. Fall time delay basically replicates the time difference between the input and
output pulses to reach 50% of VDD i.e. 1.0 V in present case.
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Subsequently, peak overshoot voltage is the amount of unwanted output voltage
exceeding VDD value. Figure 100.5a, b represents the fall time delay and peak
overshoot voltages with respect to temperature variations. Above 300 K, all three
devices offer stable response with minimum variation in delay value. However,
below 300 K, the delay increases with decrement in temperature. All three devices
give better performances at and above room temperature. Furthermore, for H-D
TFETs, Vpeak increases with temperature increment. Whereas, for other two
architectures, it decreases with temperature. This change (increase or decrease) is
almost negligible for all three cases and hence all three of them can be stated to be
immune against temperature variations. Among all three device architectures, DMG
H-D TFET offer least fall time delay and peak overshoot voltage. Thus, it is
concluded that the proposed architecture i.e. DMG H-D TFET can deliver superior
and stable performance when compared with (DMG TFET and H-D TFETs) for
low-power applications.

100.4 Summary

For off-state, out of all three devices, H-D TFET is highly temperature sensitive
whereas DMG TFET is least sensitive to temperature variations. However, for more
stable device, H-D TFET can be improved when amalgamated with the
DMG TFET. Thus, DMG H-D TFETs offer better off-state performance and are
highly immune to temperature variation when compared with H-D TFETs. The
performance evaluation has been carried out for on-state as well, where; n-TFET
inverter is examined using all three device architectures. It is observed that the fall
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time delay value increases with decrease in temperature. Thus, high temperature
values above 300 K are most suitable for stable results. Apart from this, the peak
overshoot voltage variation (irrespective of trends) is more or less similar for all
three architectures. Among all three cases, DMG H-D TFETs perform better with
least fall time delay and overshoot voltage value.
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Chapter 101
Fabrication of MEMS Capacitive
Pressure Sensor (MCPS)
with Segmented Bossed Diaphragm

Ameen Majeed and P. Ramesh

Abstract MEMS capacitive pressure sensors can be used for touch mode appli-
cations with pressure ranging from 0.05 to 2 MPa (Ramesh AK, Ramesh P in
Trade-off between sensitivity and dynamic range in designing MEMS capacitive
pressure sensor, in TENCON 2015–2015 IEEE Region 10 Conference (IEEE, 2015)
[1]). This paper explains about the fabrication of the MEMS Capacitive Pressure
Sensor (MCPS) with bossed diaphragm as well as the modification made to the boss
structure (Ramesh AK, Ramesh P in A segmented boss structure for MEMS
capacitive sensor diaphragm. J. Micro-fab. MEMS (2015) [2]) in order to improve
the sensor characteristics. Before that the fabrication of the boss structure is
explained from which the segmented boss structure is obtained.

101.1 Introduction

Micro pressure sensors have big selection of applications in areas like, biomedical,
automotive and varied industries. If the pressure sensors unit of measuring fictional
by MEMS technology then they need the advantages of little size, high performance
and low price. The fabrication techniques used for integrated circuits and unbeat-
able mechanical properties of component sealed the method for whole clean
applications of micromechanical pressure sensors. Several of the MEMS pressure
sensors used Piezo-resistive transduction mechanism however they’re temperature
dependent. Advantage of MEMS natural phenomenon Pressure device (MCPS)
over very little machined piezo-resistive pressure device is high sensitivity, low
power consumption, temperature independence, IC compatibility, etc [3]. due to
these reasons natural phenomenon pressure sensors unit of measuring most popular
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in several high performance applications. Natural phenomenon pressure sensors
works on the principle that applied pressure alters the gap between the 2 electrodes
leading to a modification within the capacitance [4].

101.2 Structure Description

The planned Capacitive Differential Pressure device model is shown within
Fig. 101.1. It illustrates the improved model of MCPS with segmented boss
structure at the middle of the diaphragm. The bottom structure layer is semicon-
ductor substrate with 1500 lm � 1500 lm with a thickness of 4 lm over that a
0.5 lm of gold or Al is deposited to create very cheap conductor of the parallel
plate electrical condenser [5]. A wall is formed from semiconductor substrate
mistreatment bulk micromachining to create a wall thickness of 150 lm to the peak
of 196 lm. The boss of radius 75 lm on the middle of the diaphragm is created
with 1 lm thickness. The layer of polysilicon diaphragm membrane with a thick-
ness of 4 lm over with 100 nm to 0.5 lm of gold or Al is deposited to create the
highest conductor of the parallel plate electrical condenser. This layer conjointly
protects the polysilicon being contaminated from the environmental effects.

101.3 Fabrication Procedure of Segmented Boss Structure

The fabrication procedure of the projected MCPS structure is shown within
Fig. 101.2. This fabrication are often administered in 3 separate module and may be
assembled along victimization electrode bonding to create final structure. The
modules area unit higher structure, bottom structure and cavity structure (middle
structure).

Fig. 101.1 Proposed segmented boss structure
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101.3.1 Top Plate

An N-type chemical element wafer is employed as a base structure. An all-time low
conductor with gold or Al material is deposited with the thickness of 1 lm
mistreatment depression Chemical Vapor Deposition (LPCVD). The highest

(a) Substrate 

(b) Formation of oxide layer (Si02)

(c) Deposition of polysilicon using LPCVD

(d) Formation of silicon center boss using LPCVD

Fig. 101.2 Illustration of the fabrication method of top layer of sensor structure
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structure bossed diaphragm with the conductor is big on a chemical element sub-
strate. A SiO2 killing layer of 1 lm is deposited on a chemical element substrate by
dry-wet chemical reaction method. Gold or Al was deposited over SiO2 layer that
acts as a prime conductor of the parallel plate electrical condenser. The polysilicon
diaphragm membrane was fashioned by deposition of the chemical element over
Au/AI layer with 3 lm thickness. To fabricate a middle circular boss over dia-
phragm, PMMA layer of 1 lm was developed by spin coating over the polysilicon
layer. Mistreatment actinic radiation lithography and wet etching, the center layer
was removed and once more polysilicon layer was deposited to form a middle boss.
Then PMMA layer ought to be removed.

The metameric boss structure is simply a straightforward modification created to
the boss structure. Therefore the steps concerned within the fabrication of the
metameric boss structure is same as that of the fabrication of the boss structure. It’ll
conjointly contain constant modules higher structure, bottom structure and cavity
structure. The sole amendment within the metameric boss structure is that the
middle boss structure is metameric. Therefore the extra fabrication info for the
highest plate is provided within the figure below. For the desired variety of seg-
ments as per the optimized design is developed on the mask. As per the planned

(a) Etching of the bossed structure

(b) Segmented boss structure

Fig. 101.3 Illustration of the final two steps within the fabrication method flow of top layer of
segmented boss structure
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style, the 5 segments are developed on the mask specified whereas etching the
elements except the 5 segments are far away from the middle boss. When etching
the vista of the highest plate can appear as if Fig. 101.3b.

101.3.2 Bottom Plate

The bottom plate of the MCPS differ with the top plate only the case of the center
boss structure. So the same steps are followed for the bottom plate fabrication with
the only difference that the boss structure is not deposited on the polysilicon
membrane. Only the polysilicon membrane and the bottom electrode is fabricated
as shown in Fig. 101.4.

101.3.3 Center Cavity

The fabrication method of cavity is finished with a semiconducting material sub-
strate with a cavity space dimension of 1200 lm � 1200 lm with the thickness of
196 lm (through hole) by wet etching method (Fig. 101.5).

(a) Substrate

(b) Formation of Au/AI bottom electrode

Fig. 101.4 Illustration of the fabrication method flow of bottom layer of sensor structure
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(c) Photolithography and wet etching to form holethrough wafer

(d) Top view of cavity wall with PMMA removed

(a) Substrate 

(b) Formation of PMMA

Fig. 101.5 Illustration of the fabrication method flow of center cavity layer of sensor structure
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101.3.4 Assembly of Bossed Structure

The final structure was made-up by stacking and positioning these 3 layers exactly
and secured mistreatment anodic bonding. Then the bottom atomic number 14
wafer used for building the diaphragm is removed by wet etching the kill layer SiO2

(Fig. 101.6).

101.4 Conclusion

Simple fabrication procedure for the MEMS Capacitive pressure sensor with
modified boss structure is explained with the help of the fabrication procedures of
the MEMS capacitive pressure sensor with bossed diaphragm. The modification
required was in the case of the top plate in which the center boss was segmented.
The segmenting of the center boss can be varied as per the mask used.

The studies on the modification of the form of the diagram showed that varia-
tions of the device are laid low with the rear pressure exerted on the diaphragm.
Albeit the sensitivity has improved [6] this backpressure can play a crucial role in
the performance of the device. The projected style for MEMS electrical phe-
nomenon pressure devices having a diaphragm with segmental boss structure and it
absolutely was found that by the modification of the boss structure the rear pressure
may be reduced and also the sensitivity may be improved while not compromising
the vary of the sensor.
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Chapter 102
A New In0.53Ga0.47As LDMOS
with Tunneling Junction for Improved
on State Performance

Navneet Kaur Saini and Raghvendra Sahai Saxena

Abstract A new In0.53Ga0.47As based laterally diffused power MOSFET
(LDMOS) with the tunneling junction at the drain side has been proposed. The
tunneling mechanism increases the drain current which results in reduced ON state
resistance and increased peak transconductance significantly as compared with
In0.53Ga0.47As LDMOS. Using 2-D numerical simulations, we demonstrate that the
proposed device exhibits *24% reduction in ON state resistance and *16%
improvement in peak transconductance as compared with In0.53Ga0.47As LDMOS
without affecting the breakdown voltage.

102.1 Introduction

SILICON has been widely used material for power MOSFET devices in low to
medium voltage power applications [1, 2]. However, Si has reached its highest
performance level and extensive research has been carried out for establishing new
materials. Out of these materials, In0.53Ga0.47As is attracting researchers for power
device applications as it has a very high electron mobility as compared to that of
silicon [3], which may be exploited to obtain very small ON resistance and higher
transconductance [4, 5]. Lower ON resistance decreases the conduction losses and
higher transconductance increases the switching speed of the device.

In this paper, we propose a novel In0.53Ga0.47As based LDMOS with tunneling
junction at the drain end (TLDMOS). The TLDMOS provides lower ON resistance
due to the conductivity modulation of the drift region stimulated by the band to
band tunneling at the drain end. Using 2D numerical simulation, we demonstrate
that In0.53Ga0.47As based TLDMOS exhibits a significantly improved performance
as compared with In0.53Ga0.47As based LDMOS in terms of ON state resistance and
peak transconductance without compromising with the breakdown voltage.
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102.2 Proposed Device Structure

The schematic cross sectional view of In0.53Ga0.47As LDMOS and the proposed
In0.53Ga0.47As TLDMOS is shown in Fig. 102.1. A 200 nm thick In0.53Ga0.47As
material is grown as an epitaxial layer on the lattice matched 1.4 µm thick InP
material. The doping level of p body is 2 � 1017 cm−3, the doping level of n− drift
is 1 � 1016 cm−3 and doping level of n+ source/drain is 1 � 1019 cm−3. The
p-channel length is 0.5 µm and drift region length is taken to be 3 µm. A 30 nm
thick Al2O3 is used as a dielectric as In0.53Ga0.47As material does not have a native
oxide. The Al2O3 may be deposited by atomic layer deposition to give high quality
oxide/semiconductor interface [3]. In TLDMOS, a p+ pocket (NA = 1019 cm−3) of
20 nm is introduced with highly doped n+ drain to form a tunneling junction in
series with conventional LDMOS as shown in Fig. 102.1b. The n+ and p+ pocket
are introduced in the similar way as was done in [6]. In order to prevent the
depletion of the entire lightly doped drift region, a n+ pocket (ND = 1019 cm−3) of
length 20 nm is introduced with p+ pocket. In both the devices the source contact is
shorted with the body contact to prevent turning ON of parasitic BJT formed by n+

source, p body and n− drift region.

102.3 Simulation Set up

SILVACO’s 2D device simulator (version 5.19.20) is used for the simulation of
both the devices. The recombination phenomenon is taken into account by using
SRH and AUGER models. The band gap narrowing model (BGN) is considered for
highly doped regions. The CONMOB and FLDMOB models are taken into account

Fig. 102.1 Schematic cross sectional view of a In0.53Ga0.47As LDMOS and b In0.53Ga0.47As
TLDMOS
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for the mobility of charge carriers. The impact ionization is taken into account by
using Selberherr’s model. The tunneling phenomenon at the drain side is considered
by using Klaassen model which is a local tunneling model with the dense mesh
spacing *2 nm. The interface charges are taken to be 5 � 1011 cm−3 [7]. The
work function of the gate is chosen to be 5 eV.

102.4 Results and Discussion

The band diagram of the TLDMOS at drain end for different value of VDS in ON
state (VGS = 10 V) along cutline AA′ is shown in Fig. 102.2. We can observe in
Fig. 102.2a that at drain voltage of VDS = 0 V, the conduction band and valence
band are not aligned. But at a higher drain voltage of VDS = 2 V (as shown in
Fig. 102.2b), the conduction band got aligned with the valence band at the drain
end. This leads to band to band tunneling at drain which modulates the conductivity
of the drift region.

Figure 102.3 shows the electron and hole concentration of LDMOS and
TLDMOS at VDS = 2 V and VGS = 10 V. We can observe that in TLDMOS, the
electron concentration in drift region increases to *1017 cm−3 as compared to
*1016 cm−3 in the drift region of LDMOS. Furthermore, the hole concentration in
the drift region of TLDMOS increases to *1017 cm−3 as compared to *1010 cm−3

in the drift region of LDMOS. The increase in the carrier concentration in the drift
region increases its conductivity and reduces the drift resistance.

Figure 102.4a shows the transfer characteristics of LDMOS and TLDMOS at
VDS = 2 V. We can observe that due to the tunneling at the drain end, the drain
current in TLDMOS increases to *62 µA/µm as compared with the drain current
of *42 µA/µm in LDMOS at VGS = 10 V.

Fig. 102.2 Band diagram for a VDS = 0 V and b VDS = 2 V at VGS = 10 V near the drain end of
In0.53Ga0.47As TLDMOS along the cutline AA′
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Figure 102.4b shows the output characteristics of LDMOS and TLDMOS at
overdrive voltage of 2 and 6 V. We can observe that there is increase in the drain
current of TLDMOS as compared with the LDMOS at both the overdrive voltages.
This increase in the drain current of TLDMOS improves its ON state parameters as
compared with the LDMOS.

ON State Characteristics

The ON state resistance versus gate voltage characteristics of both LDMOS and
TLDMOS is shown in Fig. 102.5a at VDS = 2 V. The mean value of ON resistance
is measured from VGS = 2–8 V. The mean ON resistance of TLDMOS is

Fig. 102.3 Electron concentration a In0.53Ga0.47As LDMOS b In0.53Ga0.47As TLDMOS and hole
concentration c In0.53Ga0.47As LDMOS and d In0.53Ga0.47As TLDMOS at VDS = 2 V and
VGS = 10 V

Fig. 102.4 a IDS − VGS characteristics at VDS = 2 V. b IDS − VDS characteristics at VOV = 2 V
and VOV = 6 V of In0.53Ga0.47As LDMOS and In0.53Ga0.47As TLDMOS
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34 � 105 Ω µm as compared to 45 � 105 Ω µm of LDMOS. Thus, the ON
resistance of TLDMOS is improved by 24% as compared with LDMOS.

The transconductance versus gate voltage characteristics of both the devices, i.e.,
TLDMOS and LDMOS is shown in the Fig. 102.5b. The peak transconductance of
TLDMOS is 56.67 µS/µm as compared to the transconductance of 48.87 µS/µm of
LDMOS. Thus, the transconductance of TLDMOS is improved by 16% as com-
pared with LDMOS.

OFF State Characteristics

The OFF state characteristics determines the voltage which causes the breakdown
of reverse biased diode formed by p+ body, n− drift and n+ drain regions. It is
obtained by sweeping the drain voltage and keeping gate voltage at 0 V. As drain
voltage increases, the electric field across lightly doped drift region increases. It
causes avalanche multiplication resulting in the increase in current. Due to this, the

(a) (b)

Fig. 102.5 a ON state resistance. b Transconductance of In0.53Ga0.47As LDMOS and
In0.53Ga0.47As TLDMOS at VDS = 2 V

Fig. 102.6 OFF state
characteristics of
In0.53Ga0.47As LDMOS and
In0.53Ga0.47As TLDMOS at
VGS = 0 V
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electric field at the corner of the gate near the drain side increases and causes
breakdown of the oxide.

The OFF state characteristics of both the devices are shown in Fig. 102.6.
In TLDMOS, the drain current increases at VDS = 20 V due to the onset of band to
band tunneling at drain side. Whereas, the sharp increase in current in TLDMOS
takes place at VDS = 37 V as compared to the breakdown voltage of LDMOS at
VDS = 36 V. Thus, there is no compromise of breakdown voltage in TLDMOS as
compared to LDMOS.

102.5 Conclusion

Using 2D numerical simulations it is shown that by introducing tunneling junction
in conventional In0.53Ga0.47As LDMOS, its ON state performance has been
improved. The proposed In0.53Ga0.47As TLDMOS shows 24% reduction in ON
resistance and 16% improvement in transconductance without compromising with
the breakdown voltage.
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Chapter 103
Effect of Delta-p Doping and i-Region
Length Scaling on Ion/Ioff in Si NIPIN
Diode for Selector Application

Bhaskar Das, J. Schulze and Udayan Ganguly

Abstract Higher Ion/Ioff and a low off state leakage is desirable for a selector diode
for memory applications. Punch through based triangular barrier bidirectional
Si NIPIN selector possess high on-off current ratio (>1 � 104) with a low off state
leakage current. An Ion/Ioff > 1 � 106 at 1 V with an Ioff of 76 nA at 0.5 V, for
NIPIN, has been demonstrated here, by scaling the i-region length and delta-
p doping by simulation results which are calibrated with experimental results.

103.1 Introduction

High performance (Ion/Ioff > 1 � 104 with a low off state leakage current) Si NIPIN
punch-through based bidirectional diode as a selector, for RRAM application, has
been already demonstrated [1] experimentally. Here we present the scaling effect of
i-region length (Li) and delta-p doping on Ion/Ioff by simulation results, which are
calibrated with experimental results.

103.2 Experiment and Simulation

The schematic of NIPIN diode is shown in Fig. 103.1a. The NIPIN structure is
asymmetric with top i-region (Li1) is 51 nm and the bottom i-region (Li2) is 42 nm
having a doping of 1 � 1016 cm−3. The delta-doped p-region is 3 nm thick with a
doping of 1.8 � 1018 cm−3. The details of NIPIN diode is mentioned in [2].

Experimental and simulated DC IV at 300 K of NIPIN (top contact area
50 µm � 50 µm) is shown in Fig. 103.1b. Two cases were considered for TCAD
simulation (Sentaurus)—(1) without including the impact ionization (II)
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parameter [2], (2) including modulated II parameters (VanOverstraiten model) to
match the experimental IV (Fig. 103.1b). Simulation details are presented in [2].
Matched simulation parameters are used further for all other simulations.

103.3 Results and Discussion

In Fig. 103.1b for negative applied biases (Va < 0 V), simulated IV with II and for
positive applied biases (Va > 0 V), simulated IV w/o II matches with the experi-
mental IV. Because of the higher electric field (E-field) [2] for Va < 0 V case than
for Va > 0 V case (due to asymmetric structure Li1 = 51 nm, Li2 = 42 nm), II is
only present in Va < 0 V case for sub-bandgap applied biases [2]. Therefore, a
symmetric NIPIN structure was considered for further simulations with the II
parameters that have been used to match the simulated DC IV with experimental
data for Va < 0 V case (Fig. 103.1b). In simulation, only p-region doping and i-
region length was varied to modify the Ion and Ioff, keeping all other parameters
intact. Delta-p-region doping was varied from 1.5 � 1017 cm−3 to 1.84 �
1018 cm−3 in four steps and for all these delta-p doping, four Li was used—25, 35,
42 and 55 nm. Figure 103.2 shows the simulated DC IV for all the cases of Li and
dp doping. From Fig. 103.2 it is clear that for a fixed delta-p doping as Li increases,
the sub-threshold-slope (SS) decreases due to lower Ioff caused by the increase of
barrier height. For a fixed Li, when delta-p doping is increased, the SS decreases
due to increased E-field and barrier height.

A high Ion/Ioff (>10
4) is desirable for a selector for RRAM application. Higher

the Ion/Ioff at low voltages, lower is the off state power loss. Figure 103.3 shows the
calculated Ion/Ioff for all the IVs (Fig. 103.2) with Ion at 1 V and Ioff at 0.5 V. From
Fig. 103.3 it is observed that, for NIPIN selector, to achieve Ion/Ioff * 1 � 104 at
1 V, Li should be *55 nm at delta-p doping of 1.8 � 1018 cm−3. For Ion/
Ioff * 1 � 104, the SS reaches the ideal value of *120 mV/dec for NIPIN diode.
However, due to the presence of sub-bandgap II in NIPIN [2], it is possible to
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achieve SS < 120 mV/dec and an Ion/Ioff > 1 � 104 at 1 V (Fig. 103.3). This
sub-bandgap II is controlled by E-field in the device, which increases with the
increase in delta-p doping that causes the Ion/Ioff to increase above 1 � 104. In
addition, Ion/Ioff can be increased by increasing the Li. Because increased Li
increases the barrier height and hence decrease the Ioff to make Ion/Ioff to increase.

103.4 Conclusion

The scaling study demonstrates that for Si NIPIN selector an Ion/Ioff > 1 � 106 at
1 V is possible just by increasing the dp doping and i-region length due to the
presence of sub-band gap impact ionization.
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Chapter 104
Effect of Gate Dielectric Material
on the Analog Performance
of a Ge-Source Tunnel FET

Emona Datta, Avik Chattopadhyay and Abhijit Mallik

Abstract In this paper, a detailed investigation of the effects of varying dielectric
constant of the gate dielectric on the analog performance of a tunnel FET is
reported. Variation in gate dielectric constant is made for both constant physical
thickness and constant effective oxide thickness (EOT). A high-k gate dielectric is
found to yield improved analog performance when physical thickness is kept
constant, which is due to increased gate capacitance. On the other hand, a low-
k gate dielectric delivers better analog performance when EOT is kept constant.

104.1 Introduction

In recent years, tunnel field-effect transistor (TFET) is being considered as a
promising successor of conventional metal–oxide–semiconductor FET (MOSFET)
as it can overcome the fundamental subthreshold swing (SS) limitation of a con-
ventional device. The main drawback of such tunneling device is the low ON-state
current (ION). Considerable efforts are being made worldwide to improve ION by
various means such as using: (i) a low band gap material in the tunneling region [1,
2], (ii) a double-gate architecture [3], (iii) a high-k gate dielectric [3, 4], (iv) a hetero
gate dielectric [5], (v) innovative device architecture [6] etc. Although a TFET is an
attractive device for logic application due to its steep SS, investigations by different
groups have clearly demonstrated that a TFET can also be a promising candidate for
analog/RF applications [7–10].
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104.2 Aim(s) of the Study

The aim of this study is to investigate the effect of varying dielectric constant of the
gate insulator on the analog performance of a TFET. Both constant physical
thickness and constant EOT for varying dielectric constant are considered.

104.3 Method

The schematic device structure of the TFET, used in this study, is shown in
Fig. 104.1a. We use the same device structure and parameters, as demonstrated
experimentally in [2]. To analyze the analog performance, SILVACOATLAS device
simulator, version 5.18.3.R [11] is used. Fermi-Dirac statistics and band gap nar-
rowing (BGN) models are used in our simulations. Dependences of mobility on
concentration, temperature, parallel field and transverse field are accounted for by the
use of Lombardi CVT model. The Shockley-Read-Hall and Auger models are also
activated to calculate carrier lifetime related to radiative and non-radiative recombi-
nation processes, respectively. Owing to incompatibilities of ATLAS numerical
solvers in simultaneous execution of non-local BTBT and Schrodinger-Poisson
models, we resort to a unique process, asmentioned in [12], to incorporate the effect of
quantum confinement on tunneling in our simulation. As the polycrystalline Ge, used
in the source region of the device, is generally associatedwith a high density of defects
[13], a trap-assisted tunneling (TAT) model is also incorporated in our simulation. An
aerial trap density nT with its energy level located *0.1 eV away from the valance
band edge [2, 13] is assumed in our simulations. For a p-type germanium, the value of
capture cross-section rn of such traps is assumed as *6 � 10−12 cm2 [14]. Our
simulation models are calibrated against the experimental data in [2]. A good
agreement of the simulated data with experimental characteristics is observed in
Fig. 104.1(b).

Fig. 104.1 a Schematic device structure. b Calibration of the model against the experimental
data [2]
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104.4 Results and Discussion

ID–VGS and gm–VGT curves for both constant physical thickness and constant EOT
for varying dielectric constant of the gate material are shown in Figs. 104.2 and
104.3, respectively. It is observed that high-k dielectric material gives larger value
of gm for constant physical thickness, which is due to higher gate capacitance. On
the other hand, a reverse trend is observed in Fig. 104.3b for the constant EOT,
where a low-k dielectric gives better performance. To get an insight, we have
plotted energy band diagram along the vertical direction of gate-overlapped portion
of the source region for different k-values at VGS = −0.4 and 0.0 V (Fig. 104.4 for
constant physical thickness and Fig. 104.5 for constant EOT). Figure 104.4 reveals
that with the increase in the k-value results in more band bending of semiconductor

Fig. 104.2 The ID–VGS characteristics for varying gate dielectric constant: a constant physical
thickness and b constant EOT

Fig. 104.3 Variation in transconductance with gate dielectric constant for a constant physical
thickness and b constant EOT

104 Effect of Gate Dielectric Material on the Analog Performance … 677



Fig. 104.4 Band diagram at a VGS = −0.4 V and b VGS = 0.0 V for varying gate dielectric
constant for constant physical thickness

Fig. 104.5 Band diagram at a VGS = −0.4 V and b VGS = 0.0 V for varying gate dielectric
constant for constant EOT

Fig. 104.6 Variation of RO for constant a thickness and b EOT for different dielectric materials
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surface for relatively higher values of VGS. As a consequence, gate with higher
dielectric constant have more impact on superthreshold region than subthreshold
counterpart for devices having constant physical thickness. For the devices with
constant EOT in Fig. 104.5, it is observed that higher k-values lead to more band
bending of semiconductor surface at relatively low values of VGS. It is observed that
output resistance RO is higher for higher k-values when physical thickness of the
gate dielectric is kept constant (Fig. 104.6a). On the other hand, RO yields higher
values for low-k gate dielectrics when EOT is kept constant (Fig. 104.6b). Again
the variations of intrinsic gain with respect to gate-overdrive voltage for constant
physical thickness as well as for constant EOT, respectively follow the trends of
Fig. 104.6, as can be witnessed from Fig. 104.7.

104.5 Conclusion

The effects of varying dielectric constant of the gate insulator on the analog per-
formance of a tunnel FET have been investigated. A high-k gate dielectric was
found to yield better analog performance when the physical thickness of the gate
dielectric was kept constant. On the other hand, a low-k gate dielectric yielded
better analog performance when the EOT of the gate insulator was kept constant.
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Chapter 105
Self-heating in Inserted Oxide FINFETs

Narasimha Rao Mavilla, Prashanth Paramahans Manik
and Mohit Bajaj

Abstract Thermal behavior of inserted oxide FinFET is studied and compared to
that of conventional bulk and SOI FinFET. It is observed that thermal resistance
and temperature rise in iFinFET with 3 nm thick inserted oxide is about 8% higher
compared to conventional bulk FinFET. Effect of increasing inserted oxide thick-
ness and thermal conductivity is further documented.

105.1 Introduction

Inserted oxide FinFET (iFinFET) uses inserted oxide in the Fin region which
enhances the electrostatic integrity and the electrical performance [1]. However,
inserting oxide in Fin leads to be increased thermal resistance due to (1) additional
high thermal resistance oxide layer in Fin and (2) the added confinement of Fin
which further reduces the thermal conductivity compared to the bulk FinFET [2]. In
this work we examine the extent of self-heating in iFinFET owing to these effects.

105.2 Device Structure and Simulation

Figure 105.1 shows the 3D structures of iFinFET and bulk FinFET devices used for
the TCAD simulations. Fin width and height used in the simulations are based on
the values reported in earlier published work [3]. Nominal inserted thickness used
here is 3 nm. The 3-D thermal simulations were carried out using the device
simulator FIELDAY [2]. The computational method involves finite element solu-
tion of heat equation for a given power in the Fin region (Pin = Vdd * ION where
ION is lA/lm).
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The thermal conductivity parameters of various materials have been taken from
[3]. The temperature (DT) due to the input power is used to estimate thermal
resistance, RthN = DT/Power.

105.3 Results and Discussion

Figure 105.2 shows the comparison of RthN of iFinFET with bulk and SOI
FinFETs. As expected, SOI FinFET has about 2.5� RthN compared to bulk
FINFETs owing to highly thermal resistive buried oxide. RthN of n-iFinFET is only
3% higher compared to bulk FINFETs while for p-iFinFET, RthN is 6% higher
compared to bulk FINFET. pFETs are assumed to have SiGe Source/Drain which

Fig. 105.1 Simulated device structures for iFinFET (left) and conventional bulk FinFET (right): 6
fingers and 8 fins can be noted in the structures

Fig. 105.2 Comparison of
self-heating (normalized
thermal resistance, RthN) of
iFINFET with that of bulk
and SOI FINFETs both for
nFET and pFETs devices
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has reduced thermal conductivity and hence, the difference is larger as compared to
nFET. These simulations are carried out with TiOx = 3 nm without considering the
reduction of thermal conductivity of Fin in iFinFET due to added confinement.

Figure 105.3 shows the effect of increasing inserted oxide thickness, TiOx from
1 nm to 7 nm. As expected the RthN increases. The increase is of *4% for TiOx

change of 1–7 nm.
Figure 105.4 shows the effect of thermal conductivity of fin (kthFin) in iFinFET.

The fin (6 nm thick and 6 nm wide) between inserted oxide (3 nm) layers is spa-
tially confined along FIN width (6 nm) and along fin height (6 nm) similar to a 2D

Fig. 105.3 Effect of inserted oxide thickness, TiOx on normalized thermal resistance, RthN of
iFinFET. Thermal resistance that of nominal bulk FINFET is also shown for reference

Fig. 105.4 Effect of 2D-confined FIN thermal conductivity, kthFIN on normalized thermal
resistance, RthN of iFinFET. A reference RthN corresponding to nominal bulk FINFET (where
FIN is 1D confined) is also shown for comparison
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confined nanowire. This is in contrast with the conventional FIN which is only
along the width (6 nm) while along the height fin is 18 nm. The 2D confinement in
iFinFET degrades the thermal conductivity compared to conventional bulk FinFET
[4, 5]. From [4], it can be deduced that kthFin reduces by about *2.1� compared to
bulk FinFETs. This implies about 8% higher RthN in iFinFET compared to bulk
FINFETs.

105.4 Conclusion

The self-heating assessment of inserted oxide FinFET shows about 9% higher
self-heating compared to conventional bulk FinFET due 2D confined FIN in
iFinFET resulting from inserted oxide. Electrical-thermal performance tradeoff
needs to be analyzed due to added confinement.
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Chapter 106
CD Sensitivity to Process Parameters
in Photomask Fabrication Using
a LASER Pattern Generator

A. B. Dhaulakhandi, Shyamali Thakur and S. K. Koul

Abstract The control of critical dimension is very important for photomask fab-
rication. This paper describes the critical dimension (CD) variability for fabricating
photomasks using wet etching process when masks were written using 413 nm
wavelength LASER pattern generator. The photomask fabrication involves three
fundamental processes-exposure using LASER beam, development and etching.
Experiments were conducted to observe how CD is affected by process parameters.
The critical parameters are exposure energy, development time and etching time.
For 2 µ CD [line width (LW)], the CD sensitivity to exposure energy was observed
as 8.3 nm/mW for BF patterns and 5.6 nm/mW for DF patterns. The CD sensitivity
for development time was 5 nm/s for both BF and DF patterns. The CD sensitivity
to etch time was 8.3 nm/s for BF patterns and 5.6 nm/s for DF patterns.

106.1 Introduction

The photomasks are basic inputs for fabricating any electronic device/chip. These
are pattern transferring artifacts. These are the precision glass plates having
microscopic images of electronic circuits. The control of critical dimension is very
important aspect of photomask fabrication. Apart from this, the masks need to be
defect free for optimum yields [1]. The photomasks are fabricated by utilizing
LASER pattern generators. These have limitations around 0.6 µ. Smaller dimen-
sions can be fabricated using LASERS of smaller wavelengths [2, 3], these
equipment are costly and are not available easily. These also require appropriate
photoresist and process. Photomasks are generally fabricated by LASER pattern
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generators using Krypton ion laser having a wavelength of 436 or 413 nm [4]. The
mask fabrication processes include data preparation, exposure, development,
etching and stripping. The best resolution is possible through 2 mm write head/
Lens in DWL 200 (413 nm) LASER pattern generator. Accordingly, exposure
energy was optimized by varying energy and defocus values for this write head.
A process was developed for fabricating masks using 413 nm Kr ion LASER
pattern generator (Heidelberg DWL 200) on master grade Nanofilm make Chrome
blanks having AZ 1518 photoresist, using wet etching process. The variation of
critical dimension (CD) due to change in process parameters viz exposure energy,
development time and etch time was observed on a 2 µm CD. The results of these
experiments are presented here.

106.2 Materials and Methods

The mask data was prepared in gdsii format using K-Layout software as depicted in
Fig. 106.1. The exposure was carried out using a Heidelberg DWL 200 LASER
Pattern Generator, having wavelength of 413 nm, using 2 mm write head. The pre
coated pre baked chrome blanks (Nanofilm make), of size 3″X3″, having pho-
toresist AZ 1518 (thickness 5800 Å) were used in the experiments. The exposed
plates were developed using PPD-455 developer in immersion mode. The devel-
oped plates were wet etched in a Wet bench using CEP 200 chrome etchant in
immersion mode. Fabricated features were measured using a Measuring
Microscope (Mitutoyo-MF-UA-1720THD and SEM (SOPRA).

Fig. 106.1 Test design (in
gdsii)
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The LASER writing process was optimized first. Both bright field and dark field
masks were studied. Different types of test structures were used for optimization of
writing process (energy-defocus), developing and etching processes. For study of
variation in CD due to exposure energy, development and etching time; a test
pattern having CD from 0.5 to 5 µ was used. Standard operating procedures for data
preparation and exposure as defined by equipment manufacturer were followed.
The LASER exposure energy was varied from 80 to 110 mW for bright field
(BF) masks, and the variation was 85–115 mW for dark field (DF) masks. The
development time was varied from 60 to 120 s and etching time was varied from 60
to 120 s for both bright and dark field masks.

106.3 Results and Discussion

First of all, exposure process was optimized by varying exposure energy and
defocus values separately for bright field and dark field masks. Subsequently,
developing and etching times were determined by varying development and etching
times and observing the CDs. The processes were designed for 60 s development
and etching times. The development and etching processes were characterized by
measuring thickness of remaining resist and Chrome/chrome oxide.

The change in CDs in bright and dark field masks due to variation of exposure
energy, development time and etch time were observed. The results are presented in
Figs. 106.2a, b, 106.3a, b and 106.4a, b. The variations in 2 µ line width were
observed, which is a CD of reasonable size for the LASER Pattern Generator used
in the study. The CD size increased in case of dark field masks, when exposure
energy, development time and etch time were increased. The CD size decreased in
case of bright field masks, when exposure energy, development time and etch time
were increased from optimum parameters. It was observed that CD varied from 2 to
1.5 µ when exposure energy varied from 80 to 110 mW in BF mask, however, the
CD varied from 2 to 2.3 µ when energy varied from 85 to 115 mW in DF mask. In
case of variation of development time, the CD varied from 2 to 1.7 µ when
development time changed from 60 to 120 s in BF mask and the CD varied from

Fig. 106.2 a Change in CD (2 µm) with exposure dose: BF mask. b Change in CD (2 µm) with
exposure dose: DF mask
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2 to 2.3 µ when development time varied from 60 to 120 s for DF mask. Similarly
in case of effect of etch time on CD, it was observed that the CD varied from 2 to
1.5 µ when etch time varied from 60 to 120 s for BF mask and the CD varied from
2 to 2.3 µ when etch time varied from 60 to 120 s in DF mask.

The CD sensitivity to exposure energy observed was 8.3 nm/mW for BF pat-
terns and 5.6 nm/mW for DF patterns. The CD sensitivity for development time
was 5 nm/s for both BF and DF patterns. The CD sensitivity to etch time was
8.3 nm/s for BF patterns and 5.6 nm/s for DF patterns.

It is very difficult to fabricate small features particularly bright field SAW pat-
terns as proximity effect becomes significant; as a result the dimensions of line
width and space vary from designed feature sizes. The dimensional control is very
much required on features fabricated. This is affected by Laser energy, writing
parameters, development time and etch time [5]. In present study, optimization of
writing process, developing process and etching process were used together to
fabricate the mask/features of intended size.

The process developed has demonstrated that it is suitable for dimensions of 1.5
to 500 µ (SAW structure). The problem arises in fabrication of small dimensions.
The over etching affects the critical dimensions, as the wet etching is an isotropic
process. Buck and Grenon [6], have studied the comparison of wet and dry chrome
etching for bright field patterns using CORE-2564 LASER pattern generator in
OCG-895 I resist. They reported CD sensitivity to etch time as 8.8 nm/s. We have

Fig. 106.3 a Change in CD (2 µm) with development time: BF mask. b Change in CD (2 µm)
with development time: DF mask

Fig. 106.4 a Change in CD (2 µm) with etch time: BF mask. b Change in CD (2 µm) with etch
time: DF mask
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observed CD sensitivity to etch time as 8.3 nm/s for bright field patterns and
5.6 nm/s for dark field patterns.

This process however may not be suitable for very small features (below
0.5 µm), as tolerances are very small here and 0.5 µm is the limit of the equipment.
However, since all masks are not of small CDs, the process can meet requirement of
larger dimension masks. Park and Lee [7], have carried out a study of wet and dry
etching process using CORE-2564 LASER pattern generator in OCG-895i resist
and concluded that wet etching has limitations of resolution, linearity and corner
resolution around 1 ± 0.2 µ dimensions and suggested use of Dry etching for
smaller structures. Rizvi [8] has also outlined that the most suitable technology for
etching sub-µ features on photomasks is dry etching. Using a combination of CCl4,
O2 and He, the Chromium can be etched finely, as it is an anisotropic process [9,
10]. The alternative technology of mask fabrication using Electron beam is the
trusted technology for fabricating very small features.

106.4 Conclusion

The paper describes the CD sensitivity to process parameters in photomask fabri-
cation using a LASER pattern generator using wet etching. The change in CDs in
bright and dark field masks due to variation of exposure energy, development time
and etch time were observed. The CD size increased in case of dark field masks,
when exposure energy, development time and etch time were increased. The CD
size decreased in case of bright field masks, when exposure energy, development
time and etch time were increased. The CD sensitivity to exposure energy observed
was 8.3 nm/mW for BF patterns and 5.6 nm/mW for DF patterns. The CD sensi-
tivity for development time was 5 nm/s for both BF and DF patterns. The CD
sensitivity to etch time was 8.3 nm/s for BF patterns and 5.6 nm/s for DF patterns.
The data may be used for circuit designing so as to fabricate accurate size
structures.

Acknowledgements The authors are grateful to Director, Solidstate Physics Laboratory, Delhi,
Director PM (MED) and DG (MED & CoS) for encouragement.
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Chapter 107
Analyzing the Impact of Grain
Boundary Scattering on the Metal
Resistivity: First-Principles Study
of Symmetric Tilt Grain Boundaries
in Copper

Hemant Dixit, Aniruddha Konar, Rajan Pandey, Jin Cho
and Francis Benistant

Abstract Using first-principles density functional theory based transport calcula-
tions, we evaluate the grain boundary reflection coefficients in Copper (Cu). We
find that the grain boundary reflections can significantly enhance the metal resis-
tivity in Cu interconnects. Later, using the Mayadas-Shatzkes model, we predict the
possible enhancement of the metal resistivity due to the grain boundary scattering.
These results identify the critical role of grain boundary reflection in polycrystalline
Cu. Further, the implications of the grain boundary resistance for shrinking inter-
connect dimensions are discussed.

107.1 Introduction

DEVELOPMENT of sub-10 nm advanced technology nodes requires a significant
reduction in the thickness of the metal wires which connect open transistors, in the
back end of the line (BEOL) process, to form an integrated circuit (IC). However,
the resistance offered by metal interconnects increases with decreasing widths. This
size effect represents a major challenge for downsizing of IC’s and development of
sub-10 nm nodes. The primary reason for increasing resistivity is due to enhanced
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electron scattering at the external surface and the grain boundaries present in the
metal. In this article, we evaluate the transmission coefficients across metal grain
boundaries using the transport calculations based on the first-principles Density
Functional Theory (DFT) and Non-equilibrium Green’s Function (NEGF) method.
In this study, we choose to work with Copper (Cu) interconnect. We create sym-
metric tilt grain boundaries (STGB’s) in Cu crystals and evaluate the transmission
coefficient across the grain boundary (GB). We believe that this study presents
useful materials insights for engineering the metal interconnect resistance in the
sub-10 nm advanced technology nodes.

107.2 Theory and Computational Details

The STGB’s in Cu interconnects have been studied using the first-principles DFT
simulations as implemented in the ATOMISTIX TOOLKIT (ATK) [1–3]. For the
evaluation of the reflection coefficient across the GB structure, we construct a two
probe device configuration and apply the DFT + NEGF formalism to calculate the
transmission across the GB. From zero-bias calculations we first calculate the
transmission coefficient of the device, Tdevice(E), using which the zero-bias con-
ductance (Gdevice) can be obtained as:

Gdev ¼ 2e2

h

Z
TdevðEÞ � @f

@E

� �
dE

where, f is the Fermi-Dirac distribution. The corresponding resistance is simply
Rdev ¼ 1=Gdev. To calculate the GB resistance, we perform two separate calcula-
tions with GB and without GB (i.e. crystalline bulk). The GB resistance is extracted
by subtracting the total resistance across the GB minus the intrinsic part of metal
resistivity (RGB = Rdev_GB − Rbulk).

In order to project possible variation in Cu GB resistivity we use the
Mayadas-Shatzkes expression:

qGB ¼ qbulk
1� 3

2 aþ 3a2 � 3a3 ln 1þ 1
a

� �

where,

a ¼ k
D

r
1� r

Here k (=39.9 nm) is the mean free path of the electron and qbulk (=1.67 µX-cm)
is the bulk resistivity of Cu [4].
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107.3 Results and Discussion

107.3.1 Creating and Optimizing Symmetric Tilt Grain
Boundaries Structures in Cu2

The STGB structures in Cu are created using the coincidence site lattice
(CSL) scheme. In this scheme, the Cu crystal is cleaved into two parts and later
twisted w.r.t. each other to form a grain boundary structure. Figure 107.1 illustrates
the GB structures created using the VNL tool in Quantumwise. The geometrical
parameters of STGB’s used in this study are listed in Table 107.1. The GB
structures needs to be optimized to reduce the forces acting on the atoms due to
lattice mismatch at the interface of the two grains. Using a device configuration we
relax all the atoms at the interface using the classical embedded atom
(EAM) potentials [5] below certain threshold value. The optimized device con-
figuration is then used to evaluate the transmission spectrum across the Cu GB.

107.3.2 Reflection Coefficients Across Cu Grain Boundaries

The calculated reflection coefficients across the symmetric tilt GB’s are listed in
Table 107.1. A wide range of grain angles between low (13.44°) to high (86.63°)
are considered for calculation of the reflection coefficients. The calculated reflection
coefficients vary between 0.09 up to 0.22. We use the Mayadas-Shatzkes expression
to evaluate the variation in the metal resistivity as a function of grain diameter. The
projected values of the resistivities are shown in Fig. 107.2. The shaded orange
ellipse suggests the projected variation in the Cu resistivity for a range 10–40 nm
diameter sized Cu grains. In this plot, we have used the minimum and maximum
values of the reflection coefficients as observed in the Cu STGB’s.

Fig. 107.1 Representative STGB’s in Cu created using the CSL scheme
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107.3.3 Comparison with Experiments

In this section, we compare the calculated GB reflection coefficients with the
experimentally reported value. Kim et al. [6] have reported a reflection coefficient
of 0.164 for R9 GB which agrees well with the computed value of 0.12. For the
R11 GB, Cesar et al. [7] report reflection coefficient to be 0.077 which compares
well with calculated value of 0.05. Thus, although underestimated, our calculated
reflection coefficients correctly reproduces the experimentally observed trends in
the GB reflection coefficients. Further, for a study of non-twin GB with (110)/(111)
interface the calculated reflection coefficient of 0.45 agrees with experimentally
observed value of 0.47 [5].

Table 107.1 Geometric parameters, area specific resistance, resistivity and calculated reflection
coefficients for STGB in Cu

GB and
boundary
plane

〈110〉 tilt
angle

Area specific resistance
(�10−12 X-cm2)

Resistivity
(�10−5 X-cm)

Reflection
coefficient

R3 (112) 70.53 1.12 4.34 0.22

R9 (114) 38.94 1.09 3.61 0.12

R11 (113) 50.48 0.99 1.95 0.05

R17 (223) 86.63 1.07 1.81 0.09

R19 (116) 26.53 1.12 2.53 0.15

R27 (115) 31.59 1.03 1.39 0.08

R33 (118) 20.05 1.04 1.79 0.09

R73 (1112) 13.44 1.12 1.29 0.17

(111)/(110) – 2.50 9.98 0.45

Fig. 107.2 Projected
resistivity variation in
polycrystalline Cu
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107.4 Conclusion

In this article, we have reported the reflection coefficients across Cu STGB’s. Our
results are in good agreement with the experimentally reported value. Further, using
Mayadas-Shatzkes model, we predict the possible enhancement of the metal
resistivity due to the GB scattering. Our study thus provide a deeper understanding
of the GB resistivity in polycrystalline Cu and have implications towards engi-
neering the metal interconnect resistance in modern IC’s.
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Chapter 108
Analytical Model for Tapered Gate
Electrode Double Gate MOSFET
Incorporating Fringing Field Effects

Rakhi Narang, Gokulnath Rajendran, Mridula Gupta
and Manoj Saxena

Abstract The Analytical modeling of dual and tapered gate electrode double gate
nMOSFET is presented. By changing the inclination angle of gate electrode, the
impact of fringing field lines on the channel and thereby, the fringing capacitance is
evaluated for various tapered gate electrode structures. Analytical solution is
obtained for surface potential, threshold voltage and sub threshold drain current.

108.1 Introduction

Since the inception of MOSFET in 1960s, various techniques have been reported to
enhance or sustain the CMOS performance such as Dual and split gate [1], Dual
metal gate [2], reconfigurable gate [3] were also reported in order to improve the
gate controllability, carrier transport and flexibility. The concept of reconfigurable
gate was proposed on SiNW transistors by Heinzig et al. to build a universal FET
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which can be dynamically programmed to work as either p- or n-FET [3]. The
device structure is similar to a dual gate FET in which the gate electrode is divided
into two gates, where one gate works as control gate and other as polarity gate.
Another architecture Polarity controllable SiNW transistor with 3 gate electrodes (2
polarity gate and 1 control gate) was recently reported [4] exhibiting dual threshold
voltages and polarity control. Therefore, this work deals with the development of an
analytical model accounting for the impact of tapering the sidewall of the gate
electrode and the tapering angle, which may also be considered as a consequence of
process variations. The model results are validated with simulation data obtained
from Atlas device simulation software [5].

108.2 Analytical Modeling Approach

For analysis we have divided the Silicon channel into three regions as shown in
Fig. 108.1a. Here region 1 and region 3 are the gate overlapped region. Region 2 is
the undelapped region which is not having direct impact of gate. For the sake of
simplicity we considered region 1 and region 3 to be symmetric. In region 1 and 3,
the electric field lines start from gate overlap and penetrate through channel as
shown in Fig. 108.1b. The device parameters are given in Table 108.1.

These imaginary field lines can be quantitatively analyzed in terms of capaci-
tance. The following are the key points considered during modeling

• For analysis reasonable gate separation is considered.
• The fringing field starts from the gate and extend towards the channel region 2.
• This fringing take place along the lower part of the gates.
• This fringing field effect can be quantitatively analyzed by means of capacitance

COX2 which depends upon the area of fringing field. This fringing field will
help the channel for inversion in the underlapped region.

The solution of 2D Poisson’s equation is derived with appropriate boundary
conditions assuming parabolic potential profile in the channel region which is
divided in three regions i.e. region 1, 3 gate overlapped region and region 2, gate
underlap region.

@2w x; yð Þ
@x2

þ @2w x; yð Þ
@y2

¼ qNA

esi
ð108:1Þ

Surface Potential Equations in three regions:

w1ðx; yÞ ¼ p01ðyÞþ p11ðyÞxþ p21ðyÞx2; w2ðx; yÞ ¼ p02ðyÞþ p12ðyÞxþ p22ðyÞx2;
w3 x; yð Þ ¼ p03 yð Þþ p13 yð Þxþ p23 yð Þx2

ð108:2Þ
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Fig. 108.1 a Tapered and split gate electrode MOSFET. b Simulated figure showing electric field
lines

Table 108.1 Device
parameters

Acceptor concentration (NA) 4 � 1023/m3

Donor concentration (ND) 1 � 1026/m3

Gate work function (um) 4.5 eV

Gate thickness (tg) 20 nm

Channel thickness (ti) 25 nm

Gate oxide thickness (tox) 5 nm

Channel length (Lc) 100 nm

Gate overlapped region (L0/Lov) 40 nm

Gate underlapped region (Lm/Lun) 20 nm

Device width 1 lm
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wssðx; yÞ ¼
w1ðx; yÞ 0� y� L0
w2ðx; yÞ L0 � y� L0 þ Lm
w3ðx; yÞ L0 þ Lm � y� Lc

8<
: ð108:3Þ

The capacitance in region 2 is calculated using the approach reported in [6, 7].

(a) For physical gate angle between 90° � h � hth
Since the fringing is associated with only lower part of the gate region, the
effective gate length Leff is taken to be 25% of its actual value. Here impact on
Lun1 is neglected since its value is very small comparatively. Also due to the
fringing field associated with region1, the resultant electric fringing field in Lun1
is very small. So Lun2 is taken for calculation.
From Fig. 108.2 the expression for gate oxide capacitance in region 2 is derived
as

COX2 ¼ 2
e0

Z2 akrinð Þ
Z1 krinð Þ

� �� �

Lun2
; Z1 krinð Þ ¼ p

2

X1
n¼0

2n� 1ð Þ!!
2n!!

� �2
krin2

" #

Z2 akrinð Þ ¼ p
2

X1
n¼0

2n� 1ð Þ!!
2n!!

� �2
akrin2

" #
akrin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� krin2

p

krin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1pu r1 þ Leffð Þpuþ Lun2pu

h i

r1 þ Leffð Þpu r1puþ Lun2pu

h i

vuuut ; Lun1 ¼ tox
tan h

; r1 ¼ tox
sin h

;

Leff ¼ 0:25
tg

sin h
; h ¼ p� u; Lun2 ¼ Lun � Lun1

(b) For physical gate angle between h � hth
Reducing h less than hth due to the accumulation of charges in the edge, the
fringing electric field of lines impact area starts increasing. Now Lun1 has more
impact. But calculating Lun1 using conventional capacitance method is not
valid. Since electric fringing field lines projects over the wider distance than

Fig. 108.2 Physical gate angle between a 90° � h � hth b h � hth
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from the conventional case. Hence Lun1 is taken to be 50% of the Lun1. And Leff
is taken to be 5% of its actual value. Since edge alone has impact.

COX2 ¼ 2
e0

Z4 aklinð Þ
Z3 klinð Þ

� �� �

Lun1
; Z3 klinð Þ ¼ p

2

X1
n¼0

2n� 1ð Þ!!
2n!!

� �2
klin2

" #

Z4 aklinð Þ ¼ p
2

X1
n¼0

2n� 1ð Þ!!
2n!!

� �2
aklin2

" #
; aklin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� klin2

p

klin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 p

p�u r1 þ Leffð Þ p
p�uþ Lun1 p

p�u

h i

r1 þ Leffð Þ p
p�u r1 p

p�uþ Lun1 p
p�u

h i

vuuut ; Lun1 ¼ Lun
2

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2un1 þ t2ox

q
; h ¼ p� u; and Leff ¼ 0:05

tg
sin h

The Sub threshold drain Current is given by [8]

Ids ¼
ni lk W T 1� e

�qVD
kT

� �

R Lc
0

1R ti

0
e
qwss x;yð Þ

kT dx
� �

2
4

3
5dy

ð108:4Þ

where ni is intrinsic doping concentration of Silicon, W is the device width, µ is
the effective electron mobility, k is the Boltzmann constant and T is the
temperature in Kelvin.

108.3 Results and Discussion

The model is verified by comparing the results obtained with the 2-D simulation
results. In order to validate the accuracy of fringing field effect estimated by the
present model, the potential profile termed here as center potential is plotted along
the channel thickness in the middle of the gate underlap region as shown in
Fig. 108.3a–c. Table 108.2 shows the error that the model exhibit with respect to
the simulation data in estimating the center potential as the tapering/inclination
angle changes from 90 to 45°. It is quite evident from Table 108.2 that the accuracy
of the model is +6%.

Figure 108.4a–c shows the potential profile along the channel length at three
different gate angles and the close proximity of the model results and simulation
data confirms that the model captures the device electrostatics very well.
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The fringing field effect along the gate starts decreasing as the angle is reduced
from 90°, which is in correspondence to the inverse square law. But when the
physical gate angle is reduced further, it reaches some critical threshold value, and
then the fringing field effect again starts increasing. This is due to the accumulation
of charge at the edges which increases the fringing field area. Thus the capacitance
COX2 starts increasing again as evident from data given in Table 108.3.

The minimum potential initially decreases till the critical threshold value of
physical gate angle and starts increasing again as shown in Fig. 108.5 and validates
that the model capture this effect quite well.
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Fig. 108.3 Center potential for various physical gate angles a h = 90° b h = 70° c h = 45°

Table 108.2 Minimum potential for different physical gate angle

Degree 2D simulation (V) Analytical model (V) Percentage error

90 0.115107 0.115025 −0.07

70 0.109729 0.114087 3.97

60 0.109105 0.113755 4.26

50 0.109253 0.115723 5.92

45 0.113707 0.116894 2.80
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Fig. 108.4 Potential profile along the channel length with increasing gate voltage a when h = 90°
b when h = 70° c when h = 45°

Table 108.3 Gate oxide
capacitance due to fringing
effect in region 2 for different
gate physical angle

Degree COX2 (C/m2)

90 4.31E−03

80 4.24E−03

70 4.21E−03

50 4.38E−03

45 4.52E−03

0.1

0.12

0.14

0.16

0.18

0.2

40 60 80 100

M
in

im
um

 P
ot

en
tia

l 
(V

)

Physical gate angle (Degrees)

2D Simulation

Analytical model
Fig. 108.5 Minimum
potential value plotted for
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The subthreshold drain current is evaluated and matched with the simulation
data as shown in Fig. 108.6a–c. The threshold voltage variation with change in
physical gate angle is shown in Table 108.4. The threshold voltage is calculated
using constant drain current method (at Drain current Ids = 10−7 A) for various
physical gate angle at Drain voltage Vds = 50 mV. The values obtained are com-
pared with the simulated results. Threshold voltage initially increases for change in
physical gate angle till a threshold value. After which the threshold voltage starts
decreasing again as shown in Table 108.4. There is at the most 2.72% error in
estimation of the threshold voltage through the analytical model when compared
with simulation results.
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Fig. 108.6 The Sub threshold drain current is plotted for physical gate angles of at drain voltage
of Vds: 50 mV

Table 108.4 Threshold voltage for diferent physical gate angle

Degree Simulated Vth (V) Analytical Vth (V) Percentage error (%)

90 0.211 0.210 0.56

70 0.216 0.211 2.44

60 0.217 0.211 2.72

50 0.215 0.209 2.69

45 0.213 0.208 2.54
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108.4 Conclusion

An analytical model accounting for the change in the physical gate angle which
may arise due to process variations for a split gate reconfigurable DG-MOSFET has
been developed without any fitting parameter and the impact of electric fringing
field effect is analyzed. The model accurately predicts the device electrostatics and
electrical parameters within error percentage of +6% for change in physical angle of
the gate and is limited to the device channel length of 10 nm without any fitting
parameters.
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Chapter 109
Dielectric Modulated AlGaAs/GaAs
HEMT for Label Free Detection
of Biomolecules

R. K. Paswan, D. K. Panda and T. R. Lenka

Abstract This paper presents a dielectric modulated high electron mobility tran-
sistor (HEMT) for label free detection of biomolecules. For analysis of biomole-
cules, an immobilization site has been created at the gate by carving a nano-gap in
the gate oxide. This carved nano-gap acts as the binding site for biomolecules and
changes the dielectric behavior of the gate oxide hence changing the characteristics
of the proposed structure. The sensing parameter used is the threshold voltage
which showed variation after application of immobilized biomolecules at the
binding site. Simulation has been carried out for neutral and charged biomolecules
using Silvaco TCAD.

109.1 Introduction

Since 1962, when first biosensor was described by Clark and Lyons termed as
enzyme-electrode which led to the development of first glucose analyzer, biosensors
gained immense interest in the researchfield. In 1970, thefirst biosensor based onfield
effect transistor was introduced by Bergveld, i.e. Ion-Sensitive Field Effect Transistor
(IS-FET). The FETs have been paid much attention in the field of biosensor due to
their favorable characteristics which include miniaturization, low cost, speed and
sensitivity. The basic structural difference between ISFET and MOSFET is the
replacement of gate oxide layer from MOSFET with ion sensitive membrane, elec-
trolyte and a reference electrode in ISFET. It gives good performance with high
sensitivity for charged biomolecules but it suffers from various problems such as
impurities of the semiconductors and instability of functional groups in the sensing
layer [1]. It also has difficulty in sensing neutral biomolecules. These problems were
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overcome by introduction of Dielectric Modulated Field Effect Transistor (DM-FET)
based biosensor [2]. The structural difference between MOSFET and DM-FET is the
carved nano-gaps underneath gate material. These nano-gaps serve as immobilization
site for biomolecules. The immobilization of biomolecules changes the dielectric
constant and capacitance of the gate, resulting in a shift in the threshold voltage of the
transistor and also changes the current characteristics [2]. When biomolecules are not
introduced in the cavity region, it isfilledwith air (so the dielectric constant of the cavity
region is unity).After the introductionand immobilizationof biomolecules in the cavity,
the dielectric constant and gate capacitance of the cavity changes hence results in
threshold voltage shift. TheDM-FEThas awider dynamic range of detection and strong
permittivity dependency but has low sensitivity [3]. In this paper, a Dielectric
Modulated High Electron Mobility Transistor (DM-HEMT) has been analyzed which
shows good sensitivity as well. The basic structural difference between DM-FET and
DM-HEMT is the introduction of hetero-structure in HEMT leading to new transport
phenomena called Two-Dimensional Electron Gas [2-DEG]. The working principle of
HEMT structure is described by this 2-DEG transport phenomena where the electron
mobility is very high (around 35,000,000 cm2/(V s) at low temperature) and hence is
much faster than MOSFET. In this paper, a label free detection methodology has been
used as it has several advantages over labelled detection methodologies such as elim-
ination of need of tags, dyes or specialized reagents which could change the structural
data of the biomolecules resulting in false conclusions. Thementioned biosensor in this
paper has been characterized under dry environment as it gives various structural
freedom over the use of aqueous environment of the biomolecules which is utilized in
improvement of the biosensors characteristics. Because of this dry environment, there is
a low conduction path as the high concentration of ions is not present [4]. Biomolecules
immobilized in the cavity region affect the threshold voltage and drain current of the
device.

109.2 Device Structure and Simulation Model

In this paper, to achieve the performance of biosensor a DM-HEMT structure is
shown in Fig. 109.1. The proposed structure is same as HEMT with a modified gate
region. An oxide layer of HfO2 (K = 25) [5] has been introduced between gate
electrode and AlGaAs layer. A portion of HfO2 is then carved out to make a cavity
used for immobilization of biomolecules. A simple AlGaAs/GaAs hetero-structure
is made with source and drain in the opposite side of the 2-DEG band. Source, drain
and AlGaAs are uniformly doped with n-type (1 � 1018 cm−3) and GaAs doped
n-type (1 � 1015 cm−3). The gate electrode is placed at the top of HfO2 layer. The
dimensions of the device are listed in Table 109.1.

The developed structure is simulated under ATLAS Silvaco TCAD. On doing
simulation, neutral and charged biomolecules has been taken under account. To
simulate the immobilized biomolecules, a dielectric material is taken under consid-
eration whose permittivity was varied to simulate the dielectric property of various
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biomolecules e.g. Protein = 2.5, APTES = 3.57 [4, 5]. The neutral biomolecules are
simulated by taking an interface charge density of zero while for charged biomole-
cules (positively charged and negatively charged) it is taken as±5 � 1015 m−2. Field
dependent Mobility Model is activated to model the velocity saturation effect in
GaAs. Shockley-Read-Hall Recombination Model is activated to define fixed carrier
lifetime [6]. Fermi-Dirac Statistic is activated in account for reduced carrier con-
centration in heavily doped regions [7]. The simulation is done using drain bias
voltage of 0.05 V while the gate voltage is varied from −1.5 to 1 V.

109.3 Results and Discussion

Figure 109.2a shows the variation of threshold voltage with dielectric constant for
neutral and charged biomolecules (±5 � 1015 m−2). It is observed that for posi-
tively charged biomolecules the threshold voltage is less and it increases for neutral

Fig. 109.1 Cross-sectional view of DM-HEMT

Table 109.1 Dimension of
the structure

Layer Parameter Value (nm)

HfO2 Thickness 10

Length 30

Biomolecules Thickness 5

Length 25

AlGaAs Thickness 5

Length 50

GaAs Thickness 15

Length 50

6H-SiC Thickness 30

Length 50
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and negatively charged biomolecules. This is due to the fact that when negatively
charged biomolecules are introduced in the cavity region, the electric field induced
due to these negative charges repel the electrons into the deep GaAs region and
hence the electron concentration in the 2-DEG decreases, resulting in a high
threshold voltage [8]. In case of neutral biomolecules, the electron concentration in
the 2-DEG is normal, while in case of introduction of positively charged biomo-
lecules, the electrons in the 2-DEG increases due to the electric field from these
positively charged biomolecules which attracts the electron present in GaAs layer
towards AlGaAs layer but are not able to take these electron out of the 2-DEG due
to the high barrier height at the AlGaAs side. For all three conditions, the threshold
voltage increases as the dielectric constant is increased because as the gate dielectric
constant increases the gate capacitance also increases which increases the electric
field coming from the gate electrode due to which screening out effect becomes
more stronger and to reduce or eliminate this effect more positive gate voltage is
required resulting in a high threshold voltage [9]. Figure 109.2b shows the variation
of threshold voltage with charged biomolecules for various dielectric constants.
Here, the threshold voltage increases from positively charged biomolecules to
neutral to negatively charged biomolecules. The charged biomolecules are simu-
lated by taking interface charges at biomolecule and AlGaAs interface.

Figures 109.3a–c show the drain current variation versus gate voltage (Ids vs.
Vgs) characteristic for neutral as well as charged biomolecules. It is observed that
current characteristics change as dielectric constant of biomolecules is changed,
which leads to variation in threshold voltage. The drain current characteristics are
shown for different values of dielectric constant. It is observed that as the dielectric
constant is increased the current curve shifts to the right because of the increase in
the threshold voltage as described in the previous section. The OFF current is
decreasing with increase in the dielectric constant because with increase in the
dielectric constant of the biomolecules, the negative voltage at gate electrode
provides higher electric field towards the AlGaAs layer which repels the electron in
the 2-DEG into the deep GaAs layer resulting in a low OFF current [10]. The ON
current of the device is observed to be same for all the three cases. The device

Fig. 109.2 a Variation of threshold voltage with dielectric constant. b Variation of threshold
voltage with charged biomolecules
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requires more positive gate voltage to get sufficient electron density in the 2-DEG to
start the conduction of electron current resulting in a high threshold voltage. Also it
is observed that OFF current reduces from positively charged to neutral to nega-
tively charged biomolecules: this is due to the fact that when negatively charged
biomolecules are introduced, there is repulsion of electrons away from the 2-DEG
channel resulting in reduced OFF current [11].

In this paper, DVth is used as the sensing parameter. It is expressed as [11]

DVth ¼ Vth K ¼ 1ð Þ � Vth K[ 1ð Þj j

This expression is used to get sensitivity of the proposed structure for all the three
cases. Figure 109.4 shows that with the increase in dielectric constant, DVth

increases for neutral as well as charged biomolecules. It can be observed that the
sensitivity for negatively charged biomolecules is better than neutral and positively
charged biomolecules as it has higher values of DVth. Sensitivity is varying
non-linearly for all the three cases.

ION/IOFF ratio for the proposed structure is calculated at different dielectric
constants by taking an interface charge of ±5 � 1015 m−2. In Fig. 109.5, It is
observed that with increase in dielectric constant, the ION/IOFF increases. With
increase in dielectric constant of the biomolecules, the OFF current of the device

Fig. 109.3 a Drain current characteristic for positively charged biomolecules. b Drain current
characteristic for neutral biomolecules. c Drain current characteristic for negatively charged
biomolecules
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decreases, whereas the ON current remains almost same; hence, the ION/IOFF ratio
increases. The ION/IOFF ratio increases from positively charged biomolecules to
neutral to negatively charged biomolecules.

109.4 Conclusion

The proposed structure of Dielectric Modulated High Electron Mobility Transistor
has been simulated to investigate its working principle, and various performance
characteristics are compared. It is observed that the sensitivity parameter (DVth) is

Fig. 109.4 Variation of DVth with dielectric constant

Fig. 109.5 Variation of ION/IOFF ratio with dielectric constant
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highest for negatively charged biomolecules followed by neutral and then positively
charged biomolecules. As DVth is observed to be higher at high dielectric constant
of the biomolecules, the proposed structure is suitable for detection of biomole-
cules. The detection limit for the proposed structure is between the dielectric
constant of 2–7.

Acknowledgements The authors acknowledge TEQIP-II for facilitating Silvaco TCAD tool in
Department of ECE, NIT Silchar for carrying out the research work.
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Chapter 110
Investigation of Sensitivity of Gate
Underlap Junctionless DG MOSFET
for Biomolecules

Ajay, Rakhi Narang, Manoj Saxena and Mridula Gupta

Abstract In this letter, a simulation based investigation has been done to calculate
the sensitivity of the gate underlap Junctionless (JL) Double Gate (DG) MOSFET
for label free electrical detection of the biomolecules. The impact of biomolecules
has been investigated of the various electrostatic characteristics of the JL DG
MOSFET. The simulation has been carried out with the help of Sentaurus Device
Simulator tool. The underlying Gate underlap JL DG MOSFET has been virtually
fabricated by using Sprocess tool of Sentaurus.

110.1 Introduction

BIO-Sensor is plying most important role in the life science area. Semiconductor
industries shows the great attention on the Field-Effect Transistors (FETs) based
biosensors due to its attractive advantages high scalability, mass producibility and
compatibility on on-chip integration of both the sensor and measurement systems
[1, 2]. FET devices are facing short channel effects (SCE) at nanoscale level like
low DIBL and threshold voltage roll-off [3]. Recently, Colinge et al. [3] has shown
the fabrication recipe of Junctionless MOSFET. This device is more immune from
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Short Channel Effects (SCEs) than conventional MOSFETs [4]. One critical
problem is associated with the short scale conventional MOSFETs which is the
fabrication of source/channel and channel/drain junctions. The
Junctionless MOSFET has no abrupt junctions and a simple fabrication process [5].
In the present work, n-type underlap JL DG MOSFET has been used as the
underlying device for the bio sensing application. All characterization for the
biomolecules has been done under the dry environment condition [6]. A numerous
investigation have been done yet on FET based biosensors such as nanowire FETs
[7], ion-sensitive FETs [1], carbon nanotube FETs [8], and dielectric modulated
FET [2]. However, these biosensors have associated few limitations such as cost,
low binding probability and low structural stability stemming from the mechani-
cally suspended nanogap structure [9]. Another type of FET based biosensor was
demonstrated by the structural change i.e., gate underlap DM-FET [10] which
mitigates the aforementioned problems.

In this paper, gate underlap Junctionless DG MOSFET investigated as the
biosensing application. The sensitivity of JL MOSFET has been investigated when
the biomolecules are available in the sensing region. The whole work has been done
by using 3-D Sentaurus device simulator tool. The Junctionless MOSFET has been
fabricated through process simulation. The sensitivity of the device has been
dependent on the shifting in threshold voltage. The underlap region is formed by
etching gate material and the gate oxide layer. A sensing ability of gate underlap
JL DG MOSFET has been investigated by using Sentaurus device simulation
software [11].

110.2 Device Architecture

Figure 110.1 shows the device schematic which has been simulated by the Sprocess
simulation software Sentaurus for this work. Region I and Region III are called gate
underlap regions which are serve as the sensing area where the biomolecules are
immobilized with the JL MOSFET. The length of region I and region III (Lg1 and
Lg3) are equal i.e., 100 nm. The length of region II (L2) is 100 nm which the gate
overlap region. The doping concentration of the JL DG MOSFET is
Nd = 1 � 1018 cm−3. A SiO2 layer is pondered on the channel as an adhesion layer.

Negative or positive interface charge i.e., Nf = ±5 � 1015 m−2 has been con-
sidered at the interface of SiO2-Air to simulate the impact of presence of biomo-
lecules in the specify sensing area and air box is filled with the corresponding
dielectric constant of charged biomolecules.

Various models have been used to simulate the electrostatic characteristics and
drain current such as constant and field-dependent mobility models, SRH recom-
bination model and Boltzmann transport model.
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110.3 Fabrication of Device

Step 1: The intrinsic silicon wafer 〈100〉 with the initial boron doped by the amount
of 1 � 1015 cm−3is pondered as starting material which is 300 nm long and 10 nm
thin.

Step 2: After that first step, ion implantation and annealing has been done to
make the n-type silicon wafer. The dose of arsenic is 1 � 1012 cm−2 with energy of
10 keV. The annealing process has been done for 5 min at 900 °C.

Step 3: By the thermal oxidation process, 1 nm thin native oxide has been
grown under 1.0 atm pressure for 0.5 min at 1000 °C and gas flow rate of O2 and
N2 is 1.2 and 1.0 L per minute respectively.

Fig. 110.1 Show the device architecture of n-type gate underlap JL DG MOSFET with charged
biomolecules
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Step 4: 10 nm thick Al2O3 has been deposited as the gate oxide material on the
entire oxide surface.

Step 5: by using the isotropic method a 10 nm thin p-type polysilicon has been
deposited on complete Al2O3 surface for the gate contact.

Step 6: p-type polysilicon and Al2O3 have been etched from source and drain
side of the channel to prepare the sensing site (i.e., gate underlap or gate uncovered
region) for immobilization of biomolecules, and before etching the gate region has
been masked.

Step 7: After the sixth step, anisotropic etching process has been used to remove
the native oxide layer from undesirable place of silicon.

Step 8: Reflect bottom image technique has been used to prepare Double Gate n-
type Junctionless MOSFET.

The final structure shown below in which the blue area shows the immobi-
lization area for biomolecules.
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110.4 Results and Discussions

Figure 110.2 shows the surface potential profile when the charged biomolecules are
immobilized in the gate underlap region of JL MOSFET. Surface potential in the
sensing region (underlap area) for the negatively (positively) charged APTES
biomolecules comes downward (upward) in proportion to the neutral APTES
biomolecules.

Figure 110.3 shows the drain current variation for charged biomolecules. When
charged APTES biomolecules are immobilized in the sensing region of the device,
the on-current and off-current affects. The on and off currents decreases for nega-
tively charged biomolecules in proportion to the neutral biomolecules (APTES,
K = 3.57).

It is clearly noticed that device highly affect for negatively charged biomolecules
in against of positively charged biomolecules.

Figure 110.4 shows the sensitivity of the device when the biomolecules are bind
in the gate underlap region. The sensitivity of the device has been calculated by the
given formula in Fig. 110.4. The sensitivity increases for both type of charge
biomolecules but it is high for the negatively charged biomolecules in against of
positivity charged biomolecules.
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Ion/Ioff ratio is also considered as one of the sensitivity parameters of the device
which is shown in Fig. 110.5. Figure 110.5 shows Ion/Ioff ratio variation with
respect to the charged biomolecules. As the negatively charged biomolecules
increases in the sensing zone the Ion/Ioff ratio of the device decreases because Ion
and Ioff current decreases. Whereas, as positively charged biomolecules increases
then the Ion/Ioff ratio of the device decreases because for positively charged bio-
molecules the Ioff current increases.
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110.5 Conclusion

In this letter, it has been concluded that n-type Gate underlap
Junctionless MOSFET express its large sensitivity for the negatively charged bio-
molecules against the positively charged biomolecules. The virtual fabrication of
the device has been also presented in this investigation.
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Chapter 111
Process Design for Fabrication
of Multi-stack MEMS Capacitive
Push-Pull Accelerometer Based on SOI
Technology

Abha Panchal, Shankar Dutta, Ramjay Pal, Kapil Kumar Jain
and D. K. Bhattacharya

Abstract The paper reports on process design for fabrication of a navigational
grade ±30 g MEMS capacitive push-pull accelerometer based on SOI
(Silicon-On-Insulator) technology using Pyrex Glass-Silicon-Pyrex Glass
multi-stack. The accelerometer structure is fabricated by DWP (Dissolve Wafer
Process) technique. The complete fabrication process and released structure results
after two wafers process (SOI and Pyrex-Glass) step are discussed in this paper.
After the release of accelerometer structure, another patterned glass wafer would be
anodically bonded on top. The scheme of three wafer assembly of push-pull
accelerometer is also proposed.

111.1 Introduction

Micro-electro-mechanical systems (MEMS) based accelerometers have found wide
variety of applications in the field of defense, automobiles, space etc. The MEMS
accelerometers employ diverse sensing principles (like tunnelling, piezoelectric,
piezoresistive, and capacitive) to sense acceleration [1]. Among them, capacitive
sensing principle is widely chosen due to its high sensitivity, low noise, low
temperature drift and low power dissipation characteristics [2].

That is why high sensitivity, highly performance, low noise capacitive
micro-accelerometers are in great demand in inertial navigational guidance system,
geophysical sensing, missile guidance system and robotics applications [3]. The
domain on acceleration sensing may be static like the constant force of gravity
pulling at our feet, or it could be dynamic—caused by moving or vibrating objects
[2, 4].
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There are different fabrication techniques (Bulk micromachining, Surface
micromachining, Dissolve Wafer Process etc.) to fabricate the MEMS capacitive
accelerometers [5]. Among them, Dissolved wafer process (DWP) technology of
silicon is being one of the major ways of achieving bulk-micromachined MEMS
devices [6]. In which the whole silicon wafer is dissolved in aqueous alkaline
solution, leaving behind active layer p++ silicon structure suspended over a pit
formed glass substrate [7].

Previously, we have demonstrated fabrication of capacitive accelerometer by
DWP using p++ silicon as an etch stop layer in ethylene-diamine-pyrocatechol
(EDP) solution. The fabricated accelerometer structure consists of two electrodes
(one moving and other fixed). The device is found to have a scale factor sensitivity
of 60 mV/g with *3% nonlinearity (full scale) in ±30 g dynamic range. However,
for inertial navigation, the non-linearity value should be <1% for better perfor-
mance [1, 7].

In this study, we are proposing a SOI based three wafer accelerometer
process-flow to achieve better linearity and temperature stability by employing
push-pull configuration as compared to two wafer accelerometer [8–11]. In this type
of structure, there will be three vertical electrodes (thus two capacitors)—when the
proof mass move towards any one electrode, its capacitance value increases while
the capacitance in the opposite electrode will decrease and vice versa as shown in
Fig. 111.1. So, push-pull configuration shows inherent advantages: for instance, the
effects of undesired inputs (e.g., temperature) equally affecting both sensing ele-
ments are cancelled. For this reason, differential capacitive sensors are widely used
to measure acceleration Moreover, the push-pull structure itself takes care the wafer
level packaging of the accelerometer device. So the accelerometer will be protected
from humidity and particle contamination during dicing and testing [6, 12].

111.2 Fabrication Process Flow of Push-Pull
Accelerometer

In conventional bulk micromachining technique based on the DWP, thicknesses of
any MEMS structures are generally defined by p++ etch stop technique (defined by
diffusion process). However in fabrication of MEMS accelerometer by DWP,

Fig. 111.1 Schematic of push-pull accelerometer
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creation of p++ etch stop layer beyond a certain thickness (typically 12–15 µm) is
not practically possible. As an alternative to DWP process, we are proposing the use
of SOI wafer based bulk-micromachining process flow for fabricating the push-pull
accelerometer. Here in SOI wafer, the buried oxide provides an excellent etch stop
and have more flexibility in selecting thickness of the MEMS devices by selecting
appropriate active device layer thickness of the top silicon layer (1–100 µm).

In the present study, the accelerometer structure is first released by a two wafer
(SOI and 7740 Pyrex-glass) process as shown in Fig. 111.2. In this process, the SOI
wafer of particular thickness is patterned as per design. Then patterned Pyrex-glass
with pit (partially-diced) and patterned silicon wafers are joined together by
anodic-bonding technique. Figure 111.3 shows the optical image of bonded
accelerometer structure after anodic-bonding and DWP process.

To create another fixed electrode on top of the movable silicon structure, first the
handle wafer is separated by BOX layer removal. Then another glass wafer with pit
(partially-diced) would be joined by second anodic-bonding as shown schemati-
cally in Fig. 111.4a. The coefficient of thermal expansion of 7740 Pyrex glass and
silicon are quite close to each other up to a temperature of 350 °C. Therefore, there
will be minimum effect of thermal stress on the glass-silicon assembly. So during
the top glass anodic bonding, bottom glass does not get affected significantly. The
next step is dicing for separating individual die and uncovers the pad metallization
for doing further wire bonding. Figure 111.4b shows the proposed dicing scheme.
The bottom and top glass (having partial dicing lines) are vertically misaligned to
uncover the contact metal pad after dicing step. The proposed scheme for the
three-wafer assembly of push-pull accelerometer is shown in Fig. 111.4.

Fig. 111.2 Fabrication process flow for SOI based accelerometer release
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Fig. 111.3 Accelerometer structure: a after anodic bonding; b after release

Fig. 111.4 Push-pull accelerometer: a three wafer assembly scheme; b dicing scheme
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111.3 Conclusion

High performance low noise MEMS capacitive accelerometer sensors are being
huge demand in inertial navigational guidance and robotics applications. SOI
Technology enable robust and high performance MEMS accelerometer devices
fabrication of any desired thickness and allow for the layer-by-layer integration of
multiple technologies. MEMS capacitive accelerometer structure based on
push-pull design concept has the advantages of improved linearity, thermal stability
and complete wafer level hermetic sealing as compared to the conventional
two-plate capacitive accelerometer sensors structure. To realize push-pull MEMS
capacitive structure by bulk-micromachining technique, stacking of three wafers is
essential (which defines the three plates of the push-pull capacitor). In this paper,
we have presented the process design of SOI based push-pull accelerometer fab-
rication using the multi-wafer stacking. Here, the accelerometer structure is pat-
terned by DRIE process and then two glass wafers would be anodically bonded
with silicon structure. Appropriate dicing scheme also worked out to separate the
accelerometer sensor chips.
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Chapter 112
Design, Modeling and Simulation
of Square Diaphragm Based,
Piezoelectric (AlN) MEMS Acoustic
Sensor for High SPL Measurements

Dhairya Singh Arya, Sushil Kumar, Mahanth Prasad,
Pushpapraj Singh and Chandra C. Tripathi

Abstract This paper reports the aluminum nitride (AlN) based piezoelectric
MEMS acoustic sensor for aeroacoustic applications. The acoustic sensor reported,
is square diaphragm based, which is easy to fabricate. Thin film AlN is considered
as the sensing layer to exploit the property of CMOS process compatibility. The
structure dimensions are chosen to have the cut-on, cut-off and resonance frequency
of 20 Hz, 10 kHz and 45 kHz respectively. The sensitivity of the sensor is 103 and
84 µv/Pa in case of central and outer annular electrode pattern respectively.
Furthermore a generic lumped model of square diaphragm based acoustic sensor is
also reported. The results thus obtained from lumped model simulation using
MULTISIM 13.0 and distributed model simulation using Comsol-Multiphysics are
in good agreement with the experimentally obtained results, which validates the
lumped model of the square diaphragm based acoustic sensor.

112.1 Introduction

Most of the acoustic sensors share some common structural traits. They have a
cantilever beam or diaphragm that is exposed to the incident acoustic pressure as
shown in the Fig. 112.1a. The incident acoustic pressure cause the diaphragm to
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deflect, the deflection is detected by a transduction mechanism and typically an
electrical output in terms of voltage or charge is generated.

The abstract operational “region” in the sound pressure and frequency domains
as shown in Fig. 112.1b defines the performance of the acoustic sensor. The range
of frequencies over which the microphone frequency response is flat to within some
tolerance, often ±3 dB, is the microphone bandwidth. The other most important
performance metric is the sensitivity which relates the input incident acoustic
pressure to the output actuated voltage, and is defined as the magnitude value
corresponding to the flat band, measured in V/Pa (Volts per Pascal). The lower end
of the bandwidth (at f−3 dB) is the Cut-on frequency and is primarily dictated by the
tunnel dimensions. The tunnel in the acoustic sensor is usually provided to equi-
librate the vent to the ambient pressure and because of this vent channel micro-
phone respond to time varying pressures. This differentiates a microphone from an
absolute pressure sensor that can measure static pressures. The higher end of the
bandwidth (at f+3 dB) is the Cut-off frequency and depends primarily on the reso-
nance behavior of the diaphragm. The phase of the ideal acoustic sensor in the flat
band region is zero, i.e. there is no lag between input incident acoustic pressure and
output. It is evident from the literature that only piezoelectric based transduction in
acoustic sensor is best suited for deployment in any of the applications like for
audio applications, hearing aid or in aircraft fuselage array [1], because of zero bias,
high performance, robustness and simplicity. Prior MEMS acoustic sensor utilizes
piezoresistive or capacitive based [2, 3] transduction which requires biasing and
adversely affects the system chip size, power consumption and cost. Also the most
of acoustic sensor devised so far are based on piezoelectric transduction [4–10]. In
literature Zinc-Oxide (ZnO) is quite popular as the thin film actuating active layer in
acoustic sensor because of its excellent piezoelectric and dielectric properties [5] as
compare to AlN. But the issue with the ZnO is that it is adversely effected by the
humid environment [11] and hence the reliability of the ZnO based acoustic sensor
becomes a great issue. Thus the device reported in the paper is AlN thin film based.
The subsequent sections deals with the design, modeling, simulation and discussion
on the results obtained.

Fig. 112.1 a Generic acoustic sensor, showing key features. b Ideal frequency response of
acoustic sensor
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112.2 Generic Acoustic Sensor Device Modelling

This section discuss the lumped element modelling of the square diaphragm based
acoustic sensor. The parameters such as cut-off, cut-on, resonant frequency and
sensitivity, primarily depends on the device dimensions and the materials being
used in devising the device. The generic square diaphragm acoustic sensor with
device dimensions is indicated in Fig. 112.2. The device dimensions are in micron.

112.2.1 Sensitivity

The sensitivity (V/Pa) of the acoustic sensor is define as the amount of transduction
occurring from acoustic domain to electrical domain. In other words when dia-
phragm is subjected to acoustic pressure the diaphragm bends, resulting in the
induced stress. Then the stress induced is mapped to the charge or voltage devel-
oped over to the piezoelectric surface. Thus for the theoretical calculation of the
sensitivity, average induced stress in the diaphragm, as a function of diaphragm
area, the total thickness of the diaphragm (t), the AlN thickness (tAlN) and the
combined thickness of electrode and oxide is computed, Fig. 112.3a. The
Aluminum electrodes are segmented into two to enhance the sensitivity of the
device [12] namely central and outer annular electrodes, as shown in the
Fig. 112.3b.

The average induced stress for less than 10% error is computed using [12] and is
given by (112.1) and (112.2) for central and outer electrode respectively. It is
interesting to note that the stress depends on the geometry of the diaphragm and
Poisson’s ratio (#), but not on the modulus of elasticity (E). The stress is linearly
proportional to the applied pressure. And the value of Poisson’s ratio considered in
theoretical calculation of sensitivity is 0.3, which approximates the Poisson’s ratio
for many materials.

Fig. 112.2 The actual 3D
model of acoustic sensor
showing key parts and their
dimensions
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�rcentral ¼ 0:4045ð Þ a2

t2

� �
£ 1� 2ts

t
� tAlN

t

� �
ð112:1Þ

�router ¼ � 0:31ð Þ a2

t2

� �
£ 1� 2ts

t
� tAlN

t

� �
ð112:2Þ

where, ts is the combined thickness of the metal and oxide above the zinc oxide
layer and / is the incident pressure in Pascal as indicated in Fig. 112.3a.

Thus the ideal sensitivity can be computed from the average induced polariza-
tion in the piezoelectric layer [12]. Using (112.1) and (112.2) the respective sen-
sitivity of central and outer electrode is given by (112.3) and (112.4).

Scentral ¼ 2�rcentrald31tAlN
£eAlN�0

ð112:3Þ

Souter ¼ 2�routerd31tAlN
£eAlN�0

ð112:4Þ

where d31 is the piezoelectric coefficient of AlN, e0 is the permittivity of free space
and eAlN is the dielectric constant of AlN layer.

112.2.2 Lumped Element Modeling

The LEM technique provides the good insight of the physical behavior of the
device. The assumption being considered in lumped element modeling is that the
side length of the diaphragm is much smaller than the incident acoustic wavelength
[3]. Under this assumption the lumped model is valid representation of mechanical
distributed model of acoustic sensor.

Fig. 112.3 a Device dimensions for theoretical calculation of sensitivity. b The annular electrode
pattern
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As a result of analogy the mass-spring-damper system is represented into
equivalent L–C–R circuit. Where inductor (L) is analogous to mass, capacitance
(C) is analogous to spring, and resistance (R) is analogous to damper. Figure 112.4a
shows the lumped elements associated with the various features parts of the
mechanical model. The lumped elements are then arranged into equivalent electrical
circuit by analyzing the volume velocity flow, as shown in Fig. 112.4b. The ele-
ments that see same pressure are arranged in parallel configuration and the elements
seeing the same volume velocity flow are arranged in series. The naming con-
vention used is that the first subscript denotes the energy domain i.e. whether
acoustic or electrical and the second script is for identification.

For lumped element representation of the distributed square diaphragm, the
diaphragm is modeled as clamped square plate as shown in Fig. 112.4c. The
assumption being considered is that the incident acoustic pressure is uniform and
the deflection in the square plate is equal to the center deflection of the distributed
square diaphragm for the same pressure.

Where Aeff is the effective area and is used to relate the mechanical lumped
elements of the plate to the acoustic equivalent. Effective area ensures the volume
velocity of the distributed diaphragm is same as that for the lumped piston and is
computed using [3], given by (112.5).

Aeff ¼ 0:2844 a2 ð112:5Þ

With the effective area the acoustic lumped parameters for diaphragm are given by
(112.6) and (112.7).

Ca;d ¼ Cm;pA
2
eff ð112:6Þ

Ma;d ¼ Ma;p

A2
eff

ð112:7Þ

For the diaphragm lumped compliance, the potential co-energy stored in the
deflected plate is equated to the potential energy stored in the lumped spring with
the deflection equal to the center deflection of the plate. Furthermore for a linear
spring, the potential co-energy is equal to the potential energy [3, 13]. Under this

Fig. 112.4 a Parts of acoustic sensor and their lumped element representation. b The lumped
model equivalent of acoustic sensor. c Square diaphragm modeled as clamped square plate
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condition the plate compliances are computed and substituted in (112.6) giving the
diaphragm compliance as (112.8). The storage of kinetic energy associated with the
plate motion is represented by a lumped mass and is deduced by comparing the
kinetic energy stored in the distributed pate to the kinetic energy in the piston mass.
Thus the diaphragm lumped mass is given by (112.9).

Ca;d ¼ 0:0726
1� #2ð Þ
Eh3

a6 ð112:8Þ

Ma;d ¼ 2:041
qdh
a2

ð112:9Þ

where h is the thickness and qd is density of the silicon diaphragm.
The cavity of the acoustic sensor is filled with the air. And the air in the cavity

stores potential energy as the air is compressed. Thus the cavity in the acoustic
sensor is modeled as acoustic compliance. The value of the compliance is given by
(112.10).

Ca;cav ¼ V
qC2

0
ð112:10Þ

Also the air in the cavity is associated with the kinetic energy by virtue of its motion
in the cavity. Therefore the motional lumped acoustic mass is given (112.11).

Ma;cav ¼ qV
3A2

cav
ð112:11Þ

where V is the cavity volume, Acav is the cross-section area of cavity, q and C0 is the
density of air and acoustic velocity respectively.

The vent is used to equilibrate the cavity to the ambient pressure. Assuming the
flow of air in microtunnel (vent) as fully developed laminar flow, the acoustic
resistance through the vent is given by (112.12), where µair is viscosity of air, Leff is
the effective length of vent, and Dvent is hydraulic diameter of microtunnel (vent) as
given by (112.13).

Ra;v ¼ 128lairLeff
p Dventð Þ4 ð112:12Þ

Dvent ¼ 2LW
LþWð Þ ð112:13Þ

where L and W are the length and width of the rectangular opening of micro tunnel
as shown in Fig. 112.2. Referring Fig. 112.4b the transduction between two
domains is captured using the transformer turn ratio n [14], given by (112.14).
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n ¼ �da
Ca;d

Pa=V½ � ð112:14Þ

where da (in cubic meters per volt) is the effective piezoelectric coefficient.
As a result of sandwich piezoelectric layer (AlN) between two top and bottom

electrodes, the stack capacitance is given by (112.15).

Cp ¼ e0eAlNAe

tAlN
ð112:15Þ

where Ae is the total area of top electrode.
As a result of incident acoustic pressure charge Q0 is developed on to the AlN

surface and this charge is then mapped to the output voltage Vout using (112.15).
And Vout is given by (112.16).

Vout ¼ /d

n
ð112:16Þ

From frequency domain analysis of the circuit of Fig. 112.4b yields the cut-on and
resonant frequency as given by (112.17) and (112.18) respectively.

fcut�on ¼ 1
2pRa:v Ca;cav þCa;d

� � ð112:17Þ

f0 ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma;d

Ca;dCa;cav

Ca;d þCa;cav

� �r ð112:18Þ

The incident acoustic pressure is attenuated by the cavity compliance to avoid this
Ca,cav should be much larger than Ca,d or in other words the cavity should have
large volume. Under this condition (112.18) can be rewritten as (112.19).

f0 � 1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma;dCa;d

p ð112:19Þ

The above equations clearly indicates that the resonant frequency primarily depends
on the diaphragm lumped parameters whereas the lower cut-on frequency is dic-
tated by the vent resistance and cavity compliance.
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112.3 Design and Simulation

Referring Fig. 112.5a the device dimensions are chosen to withstand high SPL
ranging from 120 to 160 dB, the thickness of diaphragm is 25 µm. The thickness of
AlN layer is 2 µm and is sandwiched between 1 µm top and bottom Aluminum
electrodes. For sake of generality top and bottom surface of AlN is covered with the
passivation layer (SiO2) of 0.2 µm. The diaphragm side length is 3 mm, which
primarily dictates the resonant behavior of the device. The effective length of the
vent or micro tunnel is 12,000 µm which describes the lower cut-on frequency. The
length and width of the rectangular opening of the vent is 24 and 100 µm
respectively. The cavity is 475 µm in depth. The total diaphragm thickness
including the thickness of layers above the silicon diaphragm as shown in
Fig. 112.5a, is 29.9 µm.

Resonant behavior of the structure primarily depends on the diaphragm
dimensions. For frequency analysis of mechanical distributed model, parametric
study is done using Comsol Multiphysics by varying the silicon diaphragm
thickness. For simulation the default material properties are used, as given in
Comsol database file.

Figure 112.5b shows the resonant frequency versus silicon diaphragm thickness
plot. From the figure it is clear that the resonant frequency increases linearly with
the increase in diaphragm thickness but at higher diaphragm thickness the sensi-
tivity becomes almost zero [5]. Furthermore at lower diaphragm thickness device
cannot withstand high SPL [5]. So a tradeoff is maintained between the device
sensitivity and high SPL capability of the device. Figure 112.5c shows Comsol
analysis result under structural mechanic physics for the resonant behavior of the
25 µm thick silicon diaphragm. For instance only 3 � 3 mm2 silicon diaphragm
and layers above it, is consider for simulation, to save the simulation time. Further
the stress analysis is performed on the same model using Comsol Multiphysics for a
load of 400 Pa. Load query in volume yields the average misses stress of 0.23 and
0.18 MPa in case of outer and central electrode. The LEM of acoustic sensor is
simulated using MultiSim 13.0. The various lumped elements and their computed
corresponding values are given in Table 112.1.

Fig. 112.5 a Device cross-sectional view used in simulation. b Resonant frequency versus silicon
diaphragm thickness. c Comsol Multiphysics result for mechanical resonant frequency
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It is well known that the Poisson’s ratio of 0.3 approximates the ratio for many
materials, so for computation of lumped elements the total diaphragm thickness of
29.9 µm is considered to account for the effect of mass loading of different layers
above the silicon diaphragm. For instance it is assumed that there is 100% trans-
duction accruing from acoustic to electrical domain hence the turn ration “n” is
considered to be unity.

The acoustic velocity (C0) is 340.29 m/s, the density of air (q) is 1.225 kg/m3.
The viscosity of air (µair) is 1.85 � 105 Pa. And the dielectric constant (eAlN) of
AlN is 10.4 [15]. Figure 112.6a, b shows the circuit diagram used in MultiSim
analysis and the corresponding frequency response, respectively. The figure clearly
indicates that the frequency response in almost flat between the cut-on and cut-off
frequencies.

112.4 Results and Discussion

For the validation of lumped model especially the resonant frequency the device
diaphragm is fabricated and tested for the resonant frequency. Figure 112.7a shows
the SEM image of the cavity and the fractured diaphragm. The diaphragm is

Table 112.1 Lumped elements and their computed values

Element Expression Value

Cavity compliance Ca;cav ¼ V
qC2

0
3.0 � 10−14 m5/N

Acoustic mass Ma;cav ¼ qV
3A2

cav
2.0 � 10−4 kg/m4

Vent resistance Ra;v ¼ 128lairLeff
p Dventð Þ4

2.6 � 1011 Ns/m5

Diaphragm compliance Ca;d ¼ 0:0726
1�#2ð Þ
Eh3 a6 0.19 � 10−15 m5/N

Diaphragm mass Ma;d ¼ 2:041 qdh
a2

63,407.1 kg/m4

Fig. 112.6 a Circuit diagram used in MultiSim analysis. b Frequency response of the system
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fractured for effective measurement of the total thickness of the diaphragm.
Figure 112.8a–c indicates the total silicon wafer thickness, diaphragm thickness
and cavity height respectively measured using Dektak 6 M surface profiler.
Figure 112.8d shows the measured thickness of piezoelectric (AlN) layer. From
(112.3) and (112.4) it is clear that the sensitivity is proportional to the thickness of

Fig. 112.7 a SEM image of acoustic sensor showing key parts. b Resonant frequency measured
through LDV

Fig. 112.8 a Total silicon wafer thickness. b Total diaphragm thickness. c The depth of the
cavity. d Thickness of AlN layer
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piezoelectric layer. But in literature [16] it is reported that the coefficient of
piezoelectricity (for AlN) saturates beyond 2 µm thickness, hence it is of no use
going beyond this thickness for increasing the sensitivity. The resonant behavior of
the fabricated diaphragm is captured using laser doppler vibrometer (LDV) as
shown in Fig. 112.7b. The resonant frequency thus obtained from LDV measure-
ments is in good agreement with the Lumped and distributed model simulation.

112.5 Conclusion

The results thus obtained from the lumped and distributed model simulation are in
good agreement with the practical results obtained. It is evident from [17] that the
silicon diaphragm thickness of 25 µm can withstand high SPL ranging from 120 to
160 dB. Furthermore the acoustic sensor designed and proposed is easy to fabricate
and is cost effective, this is because the prevailing advantage of piezoelectric based
acoustic sensor over condenser based, is that the later requires biasing. The sen-
sitivity of the sensor is computed using (112.3) and (112.4). The sensitivity thus
obtained in case of central and outer annular electrode pattern is 103 and 84 µv/Pa
respectively. The match in the resonant frequency, simulated from distributed
mechanical model, lumped electrical model and practical obtained result from
LDV, validates the lumped model of the device.
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Chapter 113
Development of Low Leakage Charged
Particle Detectors Suitable for Alpha
Spectroscopy

Nageswara Rao Pedapati, S. Nisha, Arijit Das, Dheeraj Motagi
and Ranjay Laha

Abstract Charged Particle Detectors of different sizes suitable for high resolution
alpha spectroscopy have been designed and developed successfully in Bharat
Electronics Limited. The electrical characteristics of the devices show close
agreement with the designed values. The stringent requirements of high breakdown
voltage and low leakage current have been fulfilled by making necessary modifi-
cation to the standard process and device design.

113.1 Introduction

Semiconductor detectors have been used in spectroscopic applications since the
early 1960s. The working principle is the same as Gas-filled Ionization Chambers
but in this case, the medium is a semiconductor crystal. The main advantage is that
the energy for producing an electron–hole pair is only 3.6 eV in silicon while about
20 eV is required for gas ionization and therefore a much better energy resolution
can be achieved. In the late 1970s semiconductor detectors became common as
tracking devices in particle physics. In these applications silicon is the preferred
material because it is by far the most commonly used and studied semiconductor
material and its electrical properties are well known. Another reason for the choice
of silicon is the fact that it is cheaply available in large quantities and its processing
is well developed thanks to the progress in electronics industry.

BEL has earlier developed DC-coupled single sided silicon strip detectors [1],
PIN Photo Diodes, PIN Diode array etc. for international experimental facilities
such as LHC, CERN and RHIC, BNL as well as national experimental facilities like
BARC Mumbai, ISAC Bangalore and TIFR, Mumbai. Considering the requirement
of nuclear physics experiments in India and future international facilities (FAIR,
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SPIRAL2) development of silicon based circular Charged Particle Detectors
(CPDs) for radiation detection has been initiated and standardized. These CPDs are
suitable for high resolution and high count rate alpha spectroscopy applications.
The summary of the detector design, fabrication process and results of detector
characterization are presented in this paper.

113.2 Theory of Operation

The basis for the detection of particles or radiation is their interaction with the
detector material [2]. A part of the energy absorbed is used for the generation of
electron–hole pairs that can be detected as electrical signals. Free charge carriers are
also thermally generated, leading to the reverse saturation or leakage current. At
thermal equilibrium the concentration of charge carriers is constant in time and
obeys the mass action law due to the balance of generation and recombination of
charge carriers. In the presence of excess carriers the product of the electron and
hole concentration exceeds ‘ni2’ where ‘ni’ is the intrinsic carrier concentration.
These excess carriers can be introduced by external radiation. After the radiation
has ceased, a thermal equilibrium is reached by enhanced recombination propor-
tional to the concentration of the minority excess carriers. If the generated carriers
are continuously taken away, like in a the case of reverse bias, the carrier con-
centration product will stay permanently below ‘ni2’ and the equilibrium state is
never reached. The result is a steady generation current of the drained carriers. The
separation and movement of the charge carriers (electrons and holes) to the external
terminals induces signal pulses which are detected by the readout electronics.

The reversely biased pn-junction is the basic building block of silicon sensors. It
builds up an electric field that collects the signal charge. A Charged Particle
Detector or CPD is also basically a reversely biased large area pn-junction diode.
The full depletion voltage, the voltage needed to extend the depletion region over
the complete thickness of the device, is one of the most important detector
parameters as it defines the minimum operating voltage which is proportional to the
square of the wafer thickness. In normal operation of CPD only the charge pro-
duced in the depleted volume can be detected; therefore the maximal signal charge
is detectable when full depletion is reached.

113.3 Design & Fabrication

Floating guard rings have been incorporated in layout designs to increase break-
down voltage of the detectors. The guard rings are located at a safe distance from
the dicing edge to avoid leakage currents due to mechanical damage.
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The technology development of the CPDs was challenging as it required control
of properties such as leakage currents and breakdown voltage over a large area
while maintaining a reasonable yield of *50%. The process employed at BEL
involved all the standard unit processes like oxidation, lithography, etching,
implantation, metallization etc. employed in a bipolar fabrication line. The starting
material is N-type, FZ, 〈111〉, 3–5 kX-cm resistivity wafers of 320 ± 15 µm
thickness supplied by TOPSIL. As per the nomograph given in Fig. 113.1, wafers
with above mentioned specifications is suitable of detection of Alpha Particles with
energy up to 23 meV (approx) [3]. The process parameters have been fine tuned
and frozen after a thorough TCAD process. The highest standards of cleanliness
and care in planning the unit processes have been maintained to achieve the
objectives of low leakage currents together with admissibly high breakdown volt-
ages [4]. Moreover, the process had to be compliant to the constraints of the
foundry. The block diagram illustrating the process flow for CPD fabrication is
shown in Fig. 113.2. The magnified contour plot showing the net doping concen-
tration and its cutline at x = 500 obtained from TCAD process simulation are
presented in Fig. 113.3. The analytical Junction Depth was found to be 0.8 µm.

The CPDs were packaged as per international standards using axial microdot
connector to enhance signal to noise ratio. The packaged CPD is shown in
Fig. 113.4.

CPD 
Wafer

Fig. 113.1 Nomograph
showing mutual relation
between Si detector
parameters
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113.4 Simulation

The electrical Characteristics of the CPD was simulated using the TCAD simulation
tool ATLAS provided in the SILVACO package and it was observed that the
reverse leakage current, which in turn determines the noise floor for detection of
charged particles, decreases significantly with the increase of minority carrier
lifetime (s) inside the wafer bulk. This is why wafers with such high resistivity as
3–5 KX cm were chosen for detector fabrication. For high resistivity wafers the
bulk minority carrier lifetime is expected to be in the range of ms.

To ensure the lowest value of leakage current, high resistivity wafers with the
highest available bulk minority carrier life time (>9.9 ms as specified by the ven-
dor) was selected as the starting wafer. To optimize the minority carrier lifetime of
individual wafers for the authenticity of device simulation, the raw wafers were
subjected to pre-annealing for 24 h and surface passivation using Low Temperature
Oxide at the last stage of processing to compensate the surface trap states due to
contamination and dangling bonds.

The measured values of Minority carrier Life-time after LTO passivation was
used for final TCAD simulation. The simulation result (at Room Temperature) for
current voltage characteristics and 1/C2

–V Characteristics is shown in Figs. 113.5
and 113.6. The analytical value of Leakage Current @ −100 V and Full depletion
voltage was found to be *3 nA (for 100 mm2 area) and *65 V respectively. The
simulated depletion layer profile is shown in Fig. 113.7.

Sacrificial Oxi-
dation 

Gettering 
Initial Oxida-

tion

Back N+ Anode Pho-
tolithography 1 + 

Phosphorus Implant 
and Drive-in Step1

Back N+ Anode Pho-
tolithography 2 + 

Phosphorus Implant 
Step 2 

Front P+ Cathode 
Photolithography + 
Screen Oxidation + 
Boron Implant and 
combined Drive in 

Front Contact Photo-
lithography + 
Metallization  

Back  
Metallization 

Front Passivation + 
Contact Window 

Definition

Fig. 113.2 Typical process flow for CPD fabrication
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Fig. 113.3 a Doping profile of the junction from the contour plot. b Doping profile along the
depth on junction side
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113.5 Characterization Result

The reverse I–V Characteristics of CPDs of different areas are shown side by side in
Fig. 113.8. It is evident that the reverse leakage current is quite low, less than
10 nA/cm2. The capacitance-voltage characteristic for device was measured at
1 MHz and the same data have been used to plot 1/C2

–V curve of the device, as
shown in Fig. 113.9. From 1/C2

–V curve the full depletion voltage has been cal-
culated to be *65 V which corresponds to the simulation value.

Fig. 113.4 Packaged circular charged particle detector

Fig. 113.5 Simulated I–
V characteristics
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Fig. 113.6 Simulated 1/C2
–

V characteristics

Fig. 113.7 Depletion layer profile at full depletion voltage

Fig. 113.8 I-V characteristics of CPDs of different sizes
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The response of detector to charged particles has been verified using an
Americium alpha source 241Am with peak alpha particle energy at 5.486 meV. The
typical alpha responsivity, obtained using indigenously fabricated CPD, is shown in
Fig. 113.10. The values of alpha resolution were found to be in the range of Tens of
KeV for the developed CPDs.

Fig. 113.9 Practically obtained 1/C2 Vs V curve

Fig. 113.10 Alpha histogram curve using 100 mm2 CPD and 241Am source
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113.6 Conclusion

Charged Particle Detectors of different sizes have been designed and developed
successfully in BEL. The electrical characteristics of the devices show close
agreement with the designed values. The stringent requirements of high breakdown
voltage and low leakage current have successfully been fulfilled by making nec-
essary modification to the standard design of device and package and at the same
time adhering to international standard of cleanliness in the fabrication
environment.

Further work is in progress for the fabrication of MEMS based CPDs
Transmission type CPD packaging along with other state of the art and exotic types
of Silicon based Radiation detectors.
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Chapter 114
Design and Optimization
of MEMS-Based Four Beam Vector
Hydrophone for Direction of Arrival

R. P. Singh, Sanjeev Kumar, Komal Gupta, Devendra Verma
and D. K. Bhattacharya

Abstract Hydrophone, an acoustic sensor, used to pick up acoustic signals gen-
erated by different objects present in underwater. MEMS Vector Hydrophone is a
recent advancement in the field of underwater acoustic sensors that provides the
direction of the incoming acoustic signals. As the main sensing elements of these
hydrophones are in micrometers hence light weight, which makes them useful for
deployment in Autonomous Underwater vehicles (AUVs) and Remotely Operated
Underwater Vehicles (ROVs). This paper presents simulation, modeling and design
optimization of four beam MEMS Vector Hydrophone, using design modeler of
ANSYS Workbench. This paper presents design optimization, stress, frequency,
harmonic and electro-mechanical analysis of MEMS-based four beam Vector
Hydrophone. Using ANSYS software design is optimized by changing important
parameters to improve design and sensitivity that can be chosen for fabrication.
Static structural analysis is performed on the structure for getting an optimized
location for placing piezoresistors over cantilever beams. For better understanding
of structural vibrations that can be induced in the Vector Hydrophone structure, the
resonant frequencies of the structure were identified and quantified. The Receiving
Voltage Sensitivity is −196.73 dB (0 dB = 1 V/µPa) which is further improved to
−184.86 dB by design optimization (Xue et al. in Microelectron J 38:1021–1026,
2007 [1]). By incorporating pre-amplifier having a gain of 100, Voltage sensitivity
further can be enhanced up to −156.73 dB (Hang et al. in Nano-Micro Lett 6:136–
142, 2014 [2]).
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114.1 Introduction

Mostly hydrophones are designed and fabricated using piezoelectric transducers.
Major drawbacks of PZT’s are high density, high acoustic impedance, higher
weight factor and narrow bandwidth. MEMS based piezoresistive sensors are better
than PZT’s/their conventional counterparts because they are smaller in size, have
better low frequency response, have lower power consumption and more sensitive
to input variations etc. [3].

During early twentieth century moving coil transducers were successfully used
for signaling between submarines and for echo ranging [4]. Later on for commu-
nication purposes, Electrostatic transducers were used as projector and water-
proofed carbon microphones as hydrophone. Improved results were obtained by
replacing the carbon hydrophone with a quartz hydrophone. At the end of the
twentieth century lead zirconate titanate (PZT) compounds were still being used in
most underwater acoustic transducers [5].

114.2 Objective

The main objective is designing, modelling and simulation of four beam MEMS
Vector Hydrophone for DOA application, using ANSYS software. Design is
optimised by changing different parameters for robust design and more sensitivity.
Different analysis such as stress, frequency, harmonic and electro-mechanical are
carried out by optimizing the design.

114.3 Design Approach and Methodology

Vector hydrophone is capable to provide the information of acoustic pressure and
acoustic particle velocity simultaneously. It can gather more information about a
point in the sound field than an ordinary acoustic pressure hydrophone [6].

The four beam vector hydrophone structure consists of a cylinder mounted
perpendicular on the centre of a structure of four beams connected perpendicular to
each other in the same plane. These beams are connected to a large cubical block
for rigidity [7]. All the 4 beams of its structure are manufactured by means of a
silicon-on-insulator wafer with MEMS technology.

The basic purpose of modelling, simulation and optimization of Vector
Hydrophone is centred around the structure of Hydrophone that mainly consists of
rigid plastic cylinder, four beam microstructure, four cantilever beams and eight
piezoresistors [1]. Two piezoresistors are mounted on each cantilever beam to form
two Wheatstone bridges as shown in Fig. 114.1 [8].
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The design parameters involve length and diameter of cylinder; length, width
and thickness of cantilever beams and dimensions/position of peizoresistors. Two
research papers [1, 2] were referred for selecting basic dimensions of various
components of the Vector Hydrophone.

114.4 Modeling and Simulation of Four-Beam MEMS
Vector Hydrophone

For simulation of Four-Beam MEMS Vector Hydrophone using ANSYS software,
Finite Element Analysis (FEA) methodology is used to obtain numerical data and
graphs. For this following steps are followed:

Fig. 114.1 a Vector
hydrophone structure.
b Wheatstone bridges of
vector hydrophone
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(a) Using design modeler in ANSYS Workbench, 3D model of Vector
Hydrophone is created as shown in Fig. 114.2.

(b) Stress distribution due to pressure is obtained on cantilever beams using “Static
Structural Module” of ANSYS [9].

(c) Modal analysis of the four beam structure is carried out by using “Modal
Module” of ANSYS for determining its vibration characteristics. Vector
Hydrophone is expected to work between 40 Hz and 5 kHz. First resonance
frequency should be greater than working frequency range but if the working
frequency is too far away from the resonance frequency, the sensitivity will be
decreased. Therefore, optimum value of frequency has to be selected [10].

(d) The steady-state response is determined by analyzing harmonic response of
hydrophone structure. “Peak” responses were identified on the graph and
stresses were reviewed at peak frequencies.

(e) The resonance frequency of the Vector Hydrophone is determined in the liquid
as well as in air due to the fluid-structure interaction (FSI).

(f) Sensitivity is calculated with the help of two Wheatstone bridges, formed on the
beams along X-axis and Y-axis. After giving input voltage, and forming cou-
plings to get the Wheatstone bridge on ANSYS, output voltage is obtained as
the voltage difference between different piezoresistors.

Fig. 114.2 3D model of four beam vector hydrophone in ANSYS
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114.5 Simulation Results

The results are obtained as under after simulating Vector Hydrophone on ANSYS
Workbench:

(a) When 1 Pa pressure is applied on the cylinder, the maximum deflection is
obtained as 0.93172 µm

(b) The stress distribution along the length of silicon beams was obtained through
curves as shown in Fig. 114.3b to get the best location for the piezoresistors.

From the analysis results (Fig. 114.4a, b) it can be seen that Vmeasured along R1
& R2 is 2.50007296 V and Vmeasured along R3 & R4 is 2.49992728 V. The voltage
output is the difference between these two couplings which is equal to
0.00014567375 V for unit Pascal pressure applied on the cylinder in x direction.

Sensitivity, S = 20 log V/p0 (ref 1 V/lPa), Sensitivity = −196.73 dB

Fig. 114.3 a Deflection in the cylinder. b Stress distribution on silicon beams
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Fig. 114.4 a Voltage measured along 1_2 coupling. b Voltage measured along 3_4 coupling.
c Displacement of the structure in harmonic response analysis in X-axis. d Resonant frequency of
vector hydrophone structure in air & castor oil. e Wheatstone bridge along eight piezoresistors [9].
f Voltage measured along 1_2 coupling. g Voltage measured along 3_4 coupling
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114.6 Design Optimization

(a) By changing the height and diameter of plastic cylinder and the dimensions of
piezoresistors, an optimized design can be obtained.

(b) Taking piezoresistor length, width and thickness as 120, 50, 4 lm respectively
and varying the diameter & height of cylinder, the sensitivity is improved to
−184.86 dB.

(c) As it can be seen from Fig. 114.3b, piezoresistors should be located at the
maximum stress location, (approximately 25 µm from the ends of cantilever
beam) so that maximum change in resistance and output voltage can be
obtained across piezoresistors.

(d) Harmonic response analysis provides the information about the dynamic
behaviour of structures, thus enabling to verify whether or not designs will
successfully overcome resonance, fatigue and other harmful effects of forced
vibrations [2].
The harmonic response analysis results are shown through curve in Fig. 114.4c
between displacement of cylinder and frequency. The response is “flat” except
at the peak value which is obtained at the resonant frequency (about 700 Hz) of
microstructure.

Fig. 114.4 (continued)
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(e) According to the theory of Fluid-Solid Coupling, the resonance frequency of
the microstructure in the liquid is different to that in the air [8]. The resonant
frequency of four beam Vector Hydrophone in air was found 700.28 Hz and
that in castor oil was 527.85 Hz (Fig. 114.4d). Therefore from results it can be
concluded that, due to the FSI, the resonance frequency of the MEMS vector
hydrophone in the liquid declines approximately 24.5% compared to the case in
the air.

(f) For sensitivity analysis, two Wheatstone bridges are formed, one on beams
along X-axis and another on beams along Y-axis respectively as shown in
Fig. 114.4e. After giving 5 V as input voltage, and forming couplings on
piezoresistors, an output voltages Vx & Vy were obtained as the voltage dif-
ference between connections of different piezoresistors. Net voltage difference
is calculated with the help of Vx & Vy.

(g) Piezoresistors R1, R2, R3 and R4 forms the first Wheatstone Bridge and R5,
R6, R7 and R8 forms the second Wheatstone Bridge. The input voltage, Vcc is
taken as 5 V for this analysis. Piezo and MEMS ACT extension of ANSYS was
used for accomplishing the electro mechanical analysis part.

(h) From the analysis results (Fig. 114.4f, g) it can be seen that Vmeasured along R1
& R2 is 2.50007296 V and Vmeasured along R3 & R4 is 2.49992728 V. Thus,
the voltage output is the difference between these two couplings which is equal
to 0.00014567375 V for 1 Pa pressure applied on the cylinder in X-direction.
Sensitivity, S = 20 log V/p0 (ref 1 V/µPa)
S ¼ 20 log 0:00014567375V/1� 106 lPa

� �

¼ �196:73 dB
(i) The design of MEMS based 4 beam Vector Hydrophone was optimized in

order to get higher sensitivity. Parametric analysis of Vector Hydrophone
structure was performed and following were taken as input parameters: height
of cylinder, diameter of cylinder, length of piezoresistors, width of piezore-
sistors, height of piezoresistors and location of piezoresistors over cantilever
beams. The output parameters were voltage output (piezoresistors) and receive
sensitivity.

(j) Parametric analysis was performed by varying Cylinder Diameter from 200 to
280 lm and Height from 5000 to 13,000 lm. It was found that maximum value
of Sensitivity was −184.93. This value of Sensitivity occurred at
Diameter = 240 lm and Height = 9000 lm.

(k) Similarly, in Parametric Analysis Piezoresistor Length was varied from 100 to
160 lm and Width of Piezoresistor from 40 to 65 lm and Piezoresistor
Thickness from 5 to 3 lm. The sensitivity was found to improve up to −196.48
which occurred at Piezoresistor Length = 120 lm, Width of
Piezoresistor = 50 lm, Piezoresistor Thickness = 4 lm.

(l) By incorporating a pre-amplifier of a constant gain of 100, the sensitivity of
vector hydrophone can be enhanced up to −156.73 dB [2].
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114.7 Conclusion

The receiving sensitivity of this vector hydrophone is −196.73 dB (0 dB = 1 V/l
Pa). By design optimization, sensitivity is improved to −184.86 dB, by changing
various parameters of cylinder and piezoresistors. By incorporating pre-amplifier
having a gain of 100, Voltage sensitivity further can be enhanced up to −156.73 dB
[2]. Different shape, size and material of encapsulant can be chosen for further
sensitivity optimization. Further research can be carried out for getting more
optimized Vector Hydrophone structure with higher sensitivity with a wider fre-
quency bandwidth.
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Chapter 115
Implantable Multisensory
Microelectrode Biosensor for Revealing
Neuron and Brain Functions

N. Manikandan, S. Muruganand, Karuppasamy
and Senthil Subramanian

Abstract Microelectrode and microprobe have been widely used to measure
neuron activity. In recent times the implantable neural simulators have attracted
more attention because of its potential ability and capability to the treatment of
neural disorder. A traditional electrode has got signals from the neurons. Since
every parameter of brain measures using separate sensors, it could be increasing the
internal traffic as well as damage to the brain. Here we introduce microelectrode
technology with a focus to achieve high resolution using multiple sensors in a
single Microelectrode. The micro fabricated multielectrodes are fixed on silicon
needles coupled to the simple, non-toxic and mild immobilization method based on
PEGDE. It opens new possibilities for specific neurotransmitter detection in the
central nervous system.

115.1 Introduction

The study is to look at the activity of the neurons, known as granule cells, in the
brains of living animals while they are learning a task where the cells are packed
into a dense knot deep in the brain, making them difficult to study. Through the
advancement in brain imaging techniques and computer algorithms that detangle
the signals [1] where the cells are so densely packed, seeing which signals come
from which neurons pose a challenge. first studies in which one can image this type
of neurons in the intact brain, and Because of this it is difficult to separate these
signals. This opens up the possibility of understanding what makes two neurons
that sit in the same brain region and otherwise look similar behave by focusing on
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the frontal cortex, the area of the brain responsible for complex thinking, person-
ality, social behaviors and decision making, among other things.

Recently, research on neuromodulation devices have artificially modulated
neural systems. Most of the devices employ electrical stimulation to intervene
neural functions. Therefore, the performance of the stimulation electrode is a critical
factor for neuro modulation devices especially for sensory neuro modulation
devices such as cochlear implants [1] and retinal prostheses [2]. Large number of
electrodes are required to interface with neural tissues in a spatially conned area.
However, the stimulation electrode also needs to be injected safely in an electrical
charge to excite the target neural tissue to measure its neurons functions in the
brain. Multi-electrode array (MEAs) is a micro fabricated cell culture dish with
embedded microelectrodes at the bottom. For a neuronal culture, MEA provides
electronic interfaces for recording electrical signals and applying electrical stimu-
lations to the cultures growing on the dish. Recently MEAs have been used to
examine behaviors of in vitro neural systems. Dissociated neuronal cells are grown
as an in vitro neural network with a certain network pattern. The neural networks on
MEA respond to electrical or chemical stimuli. Though there are several neural
simulators applicable to MEA analysis like CSIM, GENESIS, NEURON. etc. [3],
they are not readily applicable to the MEA analysis. The analysis for patterned
MEAs has to consider the whole process including neuron seeding, axon growth,
synaptic connection establishment spike transfer models.

115.2 Aim and Methodology of Work

115.2.1 Theme of the Work

Main focus on the work is to study the activity of neurons and reveling of neurons.
Many methods are used for reveling neurons. Compared to many other methods
PEDGE is a very suitable method. More than 90% of positive results have come out
of Using PEDGE. Here the important fact is to identify the neuron category of the
brain [4].

There are many types of neuron in human brain. While analyzing the same kind
of neuron only can easily differentiable, if the electrodes are placed in different
places we find difficult to differentiate the output signals. The activity of neurons
can be separated from the raw signal. Though the signals are received from brain or
neuron from culture medium by electrode, electrodes play a vital role to get signals.
Brain not only depends on electrical activity but also consists of many parameters
like temperature, pressure etc. So here the sensor has been fabricated by multi-
sensory which consist of temperature sensor, pressure sensor, and electrical signal
detection using MEAs. Due to the size and material where MEAs are used they
increase the resolution of signals compared to the standard reference electrodes
(Ag/AgCl). Hence the designed sensor has been proven better by theoretical as well
as practical manner.
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115.2.2 Methodology

The multisensory array has been designed using MEMS (Photolithography (PL)).
MEAs design has two categories i.e. structure and Materials. structure and size play
an important role in sensors. Because structural part has correlated with many
physical parameters such as impedance, SNR etc. to design a Miniaturization of a
sensor using PL, which makes high accuracy according to the moors law. PL is a
tool to design a multisensory electrode array and to replace a standard sensor.
A MEAs consists of silicon, PEGDE, Gold, Redox hydrogels, Pt etc. The PEGDE
is an electron-conducting material and it is water soluble polymer. PEGDE is used
as a cross-linking agent for binding enzymes to complex of redox polymer, there by
producing efficient electron diffusion between the enzymatic redox centers and the
electrode.

The presence of PEGDE also promotes proton conduction and it increases the
conductivity value. A similar electrical conductivity of PEGDE content as plasti-
cizer on the ionic conductivity of (PEO-PMA)-based polymeric gel is also reported
by Qiao et al. PEGDE as a flexible conductive material and a multi array sensor has
been designed, and it would be optimized with a standard reverence electrode. The
electro chemical activity, Impedance and electrical conductivity are measured with
a comparative study of AgCl (Fig. 115.1).

Hence the MEAs has been characterized the theoretical as well as in practical in
the placement of biological body (Neuron in cultured medium and Implant in
brain). An MEA records electrical signals from nearby neuronal processes (soma,
axon, or dendrite). Multiple neurons can be coupled to a single electrode.

Fig. 115.1 A MEA working with neuron and bio body
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115.3 Result and Discussion

The analysis for patterned MEAs should consider the whole process including
neuron seeding, axon growth, synaptic connection establishment, and the spike
transfer among neurons. Although the intra cellular analysis reveals the input
information to the neuron, for the network of the brain the more relevant signal is
the resulting neuronal spike output, which is the signal that is being processed by
the neuronal network. Figure 115.2 shows the structural design model and fabri-
cated sensor SEM image. The temperature sensor is designed primarily for the
smart catheter, which is capable of multimodality neuro monitoring. A RTD is used
as the temperature sensor, which is one of the most accurate temperature sensors. It
enhances its sensing properties. In a basic principle of RTD, as a metal conductor
with a temperature coefficient (TC) it increases resistance proportionally with an
increasing environmental temperature in linear. The advent of MEMS technology,
RTD based sensors can be made very thin metal film.

The advantages of a thin-film RTD temperature sensors are of small volume,
high accuracy, short response time, suitability for mass production, and ability to
measure temperature more precisely than a traditional thermocouple. Thin-film
RTD also exhibits superior specifications in its design and output of the thermistor
in terms of linearity, long-term stability, and interchangeability. Measuring the RTD
with 2-wire setup yields the most accurate output. Figure 115.3 shows the tem-
perature variation over the brain. Most commonly Pt and Au are used as a sensing
materials in temperature sensors. Pt is more expensive, and Au has comparable
temperature coefficient of resistance and flexibility. Therefore, Au, metal oxides and
conductive polymer with a 2-wire configuration are used for smart sensor. The
resistance of a general metal is expressed as

R ¼ qL=A

Temperature change can be obtained by using the Hooke’s law, where R is resis-
tance (X); q is resistivity (Xm); L is resistor length (m) and A is cross-sectional area
(m2). The electrodes have serpentine micro temperature sensor structures, with a
sensing area of 650 lm � 980 lm, young’s modules and poition ratio as shown

Fig. 115.2 MEMS multisensory model with SEM image
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Fig. 115.3. As the temperature of the RTD varies, the nearly linear relationship
between measured times also changes. Figure 115.4 shows the pressure variation
occurred in brain. Since the sensor has a biocompatible one, it doesn’t damage the
brain. But the initial placement of sensor a restrike variation has occurred because
of foreign body. Once a MEAs has placed and taken settlement time, a sensor has
read a linear pressure over the brain. Figure 115.3 shows the pressure variation with
respected to time.

Though the MEA has measured neural activity, Fig. 115.5 shows theoretical as
well as practical activity of neuron signal. The signal is received from cultured
neurons and mice. signals are continuously picked from the neurons and transferred
via MEAs electrode. The acquiring signal contains various kinds of noise over that
acquiring signal. Hence using FFT algorithm we could pick the exact potential
output. Experimental real time sensor data has been given above.

Fig. 115.3 Temperature
variation analysis

Fig. 115.4 Structure of MEA and pressure graph

115 Implantable Multisensory Microelectrode Biosensor for Revealing … 767



115.4 Conclusion

The present work has involved monitoring the neural activity. We have developed
simple non-toxic MEMS bio sensor. The bio sensor gives the activity of neurons,
brain temperature and intracranial pressure as measured by using theoretical
environmental, it process was used only two photomasks. Three layers of metal and
polymers films were used to encapsulate temperature-sensing elements. With the
effective of sensor has acquire more accurate signal from brain. Temperature and
pressure sensor have processed relevant real time signal synchronization, the
simulator has considered the whole process of MEA experiments including neuron
seeding, axon growth, and the spike transfer among neurons. And it’s optimized
with standard. The development of MES sensor may be crucial for measuring
temperature, pressure and neural activity distribution on any curved surface in the
field.

Fig. 115.5 Studying the function and connectivity of MAS with bio body
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Chapter 116
Selection of an Efficient Next Hop Metric
in Wireless Sensor Networks Using
Fuzzy Logic

Sukhkirandeep Kaur and Roohie Naaz Mir

Abstract Wireless Sensor Network (WSN) consists of small sensor nodes that
cooperate with each other to send sensed data to the Base-Station (BS). Choice of
optimal next hop for data routing is really important in WSN and it acts as a
significant part in preserving energy. Individual parameters or weighted metric of
different parameters are used in selecting a next hop, but the selection of suitable and
effectual parameters and metric is very important to improve the performance of the
network. This work considers a fuzzy logic approach to evaluate the performance of
network w.r.t. different weighted metrics. Performance is evaluated by adding a
fuzzy logic controller to determine best next hop metric selection for routing.

116.1 Introduction

For most of the applications, WSN is deployed in regions where human interference
is risky, therefore, improving energy efficiency and network lifetime are the key
requirements in designing WSN protocols. Major source of energy consumption in
WSN is transceiver energy, so it is important to minimize energy on a path length
from origin to destination. Thus, it postulates the need to select optimal next hop so
that the overall energy consumption of the path is minimized. We define different
metrics that can be used to select next hop and evaluate their performance using a
fuzzy logic controller. Without using complex mathematical models, fuzzy logic
can address many problems in networks using heuristic human reasoning [1].
In WSN, fuzzy logic has been discussed in literature for addressing issues in
clustering, routing etc. Various approaches that used fuzzy logic in WSN are
proposed in [2–5]. Selection of suitable parameters that selects next hop for routing
is very important. Fuzzy logic has been used for selection as it can handle uncer-
tainties in an efficient manner. So, in this study, the fuzzy logic approach is applied
to select the best metric for next hop election.
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116.2 Methodology

Fuzzy logic takes different parameters, i.e. Residual energy, Distance to Source,
Distance to BS, Node Density as an input and combine into a single output. To
avoid complexity, we perform a fuzzification process in two stages. On the first
level, we combine Distance to Source, Distance to BS and Node Density as one
parameter to compute Chance, which is supplied as input to the next stage with
energy as a second variable and combine into single output i.e. Final Chance
(Fig. 116.1). Due to its simplicity, mamdani model is practiced and the centroid is
used as defuzzification method (Figs. 116.2 and 116.3).

We evaluate performance of the network to select the optimal weighted metric.
Three metrics are compared to select best metric for next-hop election.

Input
(Distance to BS, Distance 
to source, Node Density)

First Stage of 
Fuzzy Inference 

Engine
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Residual Energy

Second Stage of 
Fuzzy Inference 
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Fig. 116.1 Fuzzification process
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Fig. 116.2 Fuzzy membership function for residual energy
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1. Residual energy ðEresidualÞ, Distance to source ðDSourceÞ and node density
ðNdensityÞ

2. Residual energy ðEresidualÞ Distance to BS ðDBSÞ and node density ðNdensityÞ
3. Residual energy ðEresidualÞ Distance to source ðDSourceÞ Distance to BS ðDBSÞ

and node density ðNdensityÞ

116.3 Results

From results, it is concluded that the path takes a large number of hops when we
look at the distance to the source while selecting a next hop and energy expenditure
is too high. Whereas, slight variation in results for average number of hops and
energy use were found for second and third metric with second metric providing
efficient results (Figs. 116.4 and 116.5).

Fig. 116.3 Surface plots for different parameters
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116.4 Conclusion

This work utilizes a fuzzy inference system to determine the best metric to select the
next hop to be used in WSN. Two stage fuzzy system is used in this work. Different
metrics were compared and results were found more efficient for metric with
Distance in BS, node density and energy as parameters.
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Chapter 117
PSPICE Circuit Simulation
of Microbolometer IRFPA Unit Cell
Using Sub-circuit Model
of Microbolometer

Arun Panwar and Raghvendra Sahai Saxena

Abstract In this paper, the microbolometer sub-circuit model has been used in
Wheatstone bridge readout configuration to study the application of the model for
readout circuit design. The sub-circuit model has been used as both active as well as
blind device. The effect of the varying input radiation is analyzed on the integration
capacitor and at the output of the bridge. The temperature node of the
microbolometer has also been analyzed to see the heating effect of bias current on
the device.

117.1 Introduction

Microbolometer based focal plane arrays are gaining huge popularity in Recent
times due to their small size, weight and power (SWaP), ruggedness, low fabri-
cation cost and un-cooled operation [1, 2]. These FPAs contain 2-D arrays of
microbolometers grown on their readout integrated circuit (ROIC). These readout
circuits are designed and fabricated in various configurations and Wheatstone
bridge architecture is a very popular configuration among them [2]. In this tech-
nique, the microbolometer to be read is placed in one of the legs of a balanced
Wheatstone bridge. The opposite leg of the bridge contains a blind microbolometer
identical to the active microbolometer while other two legs of the bridge contain
programmable resistors. Besides readout of the device, this scheme provides can-
cellation of the bias heating effect. In this paper, we have simulated a unit cell of
Wheatstone bridge based readout architecture in PSPICE. The bridge contains
sub-circuit model of the microbolometer previously developed and reported earlier
[3, 4] as active as well as blind device. The parameters of the devices utilized in the
simulations are based on the Titanium microbolometers fabricated in our laboratory
[1, 5]. We have also analyzed the variations of the input optical power on the
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voltage of the integration capacitor. The variations in the resistance of the
microbolometers which can arise due to the fabrication process and their effect on
the performance of the readout have been analyzed. This paper demonstrates use-
fulness of the sub-circuit model of microbolometer for readout integrated circuit
(ROIC) design.

117.2 Simulation Results and Discussion

The Wheatstone bridge unit cell was simulated in PSPICE with sub circuit model of
microbolometer in the legs of the bridge as shown in Fig. 117.1a. The fixed
resistors R1 and R2 can be used to balance the bridge.

In simulations, the active bolometer is illuminated by a radiation source in the
form of a current source in actual PSPICE implementation [3], while the blind
bolometer is implemented in exactly similar way except the radiation source is not
connected. The radiation source power is varied from 10 to 350 nA to incorporate
the different temperatures of target. The output of the Wheatstone bridge is
amplified by a transconductance amplifier and the resultant signal is integrated on a
capacitor of 1 pF. The output of the capacitor with varying illumination of
microbolometer bolometer is shown in Fig. 117.1b.

The PSPICE model of microbolometer consists of electrical and thermal loops
both [3]. The temperature node of the active microbolometer was probed to analyze
the effect of varying radiation source as shown in Fig. 117.2.

The output of the perfectly balanced Wheatstone bridge employing the active
and shielded microbolometer is shown in Fig. 117.3a, b. The output clearly
demonstrates the effect of varying radiation power which can correspond to the
various temperature objects in the scene. Thus, the image of the scene can be
created faithfully by sampling the different voltage levels for each pixel.
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Fig. 117.1 a Unit cell of a microbolometer based IRFPA. b The simulation result of integration
capacitor output with varying radiation falling on microbolometer
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A detailed PSPICE simulation of the readout cell using this approach is being
carried out at our laboratory. This allows us to perform the process induced vari-
ation analysis of the microbolometers along with the variations in ROIC fabrication
to estimate the overall expected non-uniformity of the IRFPAs.

References

1. R.A. Wood, in Uncooled Infrared Imaging Arrays and Systems, ed. by P.W. Kruse, D.D.
Skatrud (Academic Press, San Diego, USA, 1997), pp. 45–119 (Chapter 3)

2. J.L. Tissot, IR detection with uncooled focal plane arrays: state-of-the art and trends.
Opto-electron. Rev. 12(1), 105–109 (2004)

3. R.S. Saxena, A. Panwar, S.S. Lamba, R.K. Bhan, A sub-circuit model of a microbolometer IR
detector and its experimental validation. Sens. Actuators A Phys 171, 138–145 (2011)

0.00 0.02 0.04 0.06
300.00

300.05

300.10

300.15

300.20

Te
m

pe
ra

tu
re

(K
)

Time(s)

10n
 50n
 100n
 150n
 200n
 250n
 300n
 350n

Fig. 117.2 Temperature
node output with varying
radiation source

33.20m 33.25m 33.30m 33.35m
0.0

5.0

10.0

15.0

20.0

Vb
rid

ge
(

V)

Time

10n
50n
 100n
150n
200n
250n
300n
350n

0 50 100 150 200 250 300 350 400

0

5

10

15

20

25

Vb
rid

ge
 (

v)

Prad (nW)

 Vbridge
(a) (b)

Fig. 117.3 a Transient output of the bridge employing microbolometer model with varying
radiation source. b Output of the bridge with incident radiation power

117 PSPICE Circuit Simulation of Microbolometer IRFPA Unit Cell … 777



4. R.S. Saxena, A. Panwar, S.K. Semwal, P.S. Rana, S. Gupta, R.K. Bhan, PSPICE circuit
simulation of microbolometer infrared detectors with noise sources. IR Phys Technol 55, 527–
532 (2012)

5. R.S. Saxena, R.K. Bhan, P.S. Rana, A.K. Vishwakarma, A. Aggarwal, K. Khurana, S. Gupta,
Study of performance degradation in titanium microbolometer IR detectors due to elevated
heating. IR Phys. Technol. 54(4), 343–352 (2011)

778 A. Panwar and R. S. Saxena



Chapter 118
Design and Simulation of Acoustic
Particle Velocity Sensor

Saha Tulana, R. P. Singh, Barman Sanjeeev, Tauheed Abdul,
Gupta Komal, Verma Devendra and D. K. Bhattacharya

Abstract Acoustic particle velocity sensor is a tiny sensor based on MEMS to
measure particle velocity. It has ultra sensitivity at lower frequency. Design analysis
& simulation is carried out to study sensitivity and frequency response of this
sensor. Sensitivity achieved 1.5 mV/mm/s over a band width of 10 Hz to 1 kHz.
Also fabrication process is described in this paper. Sensor is designed analytically
using MATLAB and is simulated in FEM based COMSOL multi-physics software.

118.1 Introduction

Direction of arrival (DOA) of sound source is estimated by conventional method used
an array of spatially separated microphones and direction is estimated from the time
difference of arrival of signal at different microphone locations [1]. However at lower
frequency the array size become very large due to space constrained between
microphones and not suitable inmany applications. Acoustic vector sensor eliminates
this disadvantage of conventional method. It is a light weight and compact system and
consists of acoustic particle velocity sensors and acoustic pressure sensor. MATLAB
and COMSOL are used for design analysis and simulation respectively [2]. Different
geometrical parameters such as wire separation (a), wire length (L), wire width
(w) have been varied to study the sensitivity and frequency response of the sensor.

118.2 Principle of Operation

The sensor performs the measurement of acoustic particle velocity. The sensor
consists of two closely spaced thin parallel wire of silicon nitride with conducting
metal, platinum on top of it. This pattern acts as a heater and is used as a temperature
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sensor. The wires are heated about 400 °C by a constant voltage. Heating causes a
stationery temperature distribution across the wires. Initially both the wires are at
same temperature. Now when a sound wave is added across the wires, it deforms the
temperature distribution in the direction of the flow. The wire which comes first in
the direction of the flow cooled down more as compared to the next wire due to
convectional heat transfer. As a result a temperature difference is obtained between
the wires. Temperature difference caused by the acoustic flow produces an
infinitesimal resistance variation. This change in resistance is measured and cali-
brated in terms of particle velocity.

118.3 Designs and Simulation

118.3.1 Electro Thermal Analysis

Finite Element Method (FEM) was used to optimize surface temperature of the wire
near to 400 °C by varying wire length. Schematic model was developed using
COMSOL (Fig. 118.1). Platinum (Pt) wire of size 1 � 0.1 µm at various length
900–1200 µm was used to achieve operating temperature of 400 °C. A thermo-
electric coupled field (joule heating and heat transfer in fluid) was utilized to
observe heat distribution of the wire at a constant voltage. Temperature as a
function of wire length is plotted (Fig. 118.2). Surface temperature distribution of
the wire is shown in Fig. 118.3. Pad area was made much larger than wire area to
ensure that most of the heat dissipation occurs in the wire and temperature along the
length of the wire remains relatively constant. The temperature distribution across
the wire in stationary condition (without acoustic flow) is shown in Fig. 118.4.

Fig. 118.1 3D model of particle velocity sensor
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Fig. 118.2 Surface
temperatures versus wire
length

Fig. 118.3 Surface temperature of the wire

Fig. 118.4 Stationary temperature distribution across the wire
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Structural deformation of the wire due to heating was simulated (structural
mechanics module was used for simulation). Total displacement approx. 30 nm was
observed near the center of the wire (L = 1000 µm) at 400 °C (shown in
Fig. 118.5) which was less than min dimension of the wire. Analysis of thermal
expansion is required to estimate thermal stress.

118.3.2 Modal Analysis

Sound wave is a mechanical wave which has oscillation frequency. Therefore it is
required to investigate whether this frequency will have any impact upon the free
standing wire structure; the natural frequency was simulated at operating temper-
ature (shown in Fig. 118.6). Natural frequency of 4.2 kHz was observed at oper-
ating temperature. So the oscillations of structure at lower frequency (<1 kHz) can
be neglected.

118.3.3 Sensitivity Analysis

Sensitivity analysis was carried out from the temperature change due to acoustic
flow. Sensitivity depends on mutual wire separation (a), input power (p) and
thermodynamic property of the air medium. It was calculated using below men-
tioned equation (118.1) in MATLAB [3].

Fig. 118.5 Structural
deformation due to thermal
expansion
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DT f ¼ 100Hzð Þ ¼ ei2pf
2vp

D
a 4pkL

ln
pa
2L

� �
þ c

� �
: ð118:1Þ

Plot of output temperature change as a function of wire separation (a) is shown
in Fig. 118.7. Wire separation was varied from 10 to 500 µm at wire length (L) of
1000 µm, input acoustic particle velocity ðvÞ 2.2 mm/s and power dissipation
(p) 14 mW. Heat diffusion coefficient (D) and thermal conductivity of air (k) at
operating temperature were taken as 0.0523 W/m K and 7.5e−5 m2/s respectively.
Euler constant ðcÞ was taken 0.577.

Fig. 118.6 Natural
frequency at operating
temperature and modal
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Max temperature difference 160 mK was observed at wire separation of 130 µm.
At larger wire separation temperature difference between the wires decreased
because heat transfer due to convection cooled down both the wires proportion-
ately. On the other hand if the wires were brought closer to each other, then almost
negligible temperature difference was observed in the wires.

The signal at the output of the sensor, is proportional to the temperature dif-
ference DT due to a particle velocity. Output voltage (Du0,) is calculated based on

Du0 ¼ V
2
aDT ðmÞ ð118:2Þ

Sensitivity (S) is expressed as mV/Pa* in mV/mm/s where Pa* is the equivalent
particle velocity for sound pressure. 1 Pa* = 1 Pa/qc where qc is the acoustic
impedance in air {air density (q) � velocity of sound (c)}. 1 Pa* corresponds to
2.2 mm/s acoustic particle velocity in air.

Sensitivity Sð Þ = mV/Pa* = 3:3=2:2¼ 1:5 mV/mm/s ð118:3Þ

Sensitivity achieved 1.5 mV/mm/s at 10 V (applied voltage V) across the wire
where temperature coefficient of resistance (a) for Pt wire was taken as 0.00392/°C.

118.3.4 Frequency Response of Sensor

Sensitivity with respect to frequency of signal is described by [4]

sensitivity ¼ LFSffiffiffiffiffiffiffiffiffiffiffiffi
1þ f

fD

q ffiffiffiffiffiffiffiffiffiffiffiffi
1þ f

fhc

q ð118:4Þ

where LFS is the low frequency sensitivity determined from (118.3) and fD and fhc
represents heat diffusion frequency and heat capacitance frequency.

Frequency response is plotted for different wire separation (a) and different wire
width (w) which is shown in Figs. 118.8 and 118.9 respectively. Wire separation
was varied from 80 to 130 µm at constant wire length (L = 1000 µm) and wire
thickness (h = 0.1 µm) in Fig. 118.8. Width (w) of the wire was varied from 1 to
2 µm at constant wire length (L = 1000 µm) and wire thickness (h = 0.1 µm) in
Fig. 118.9.

The roll-off at high frequency is caused by diffusion effects (to which the time it
takes heat to travel from one wire to the other is related) and finite thermal mass of
the wire. Therefore it was observed that particle velocity sensor was sensitive at low
frequency range.
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118.4 Proposed Fabrication Process Flow

Figure 118.10.

Fig. 118.8 Sensitivity versus frequency at different wire spacing

Fig. 118.9 Sensitivity versus frequency at different wire width
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118.5 Conclusions

Particle Velocity Sensor is most sensitive to mutual wire separation at a constant
length. It is highly sensitive at lower frequency region as well. Sensitivity of
1.5 mV/mm/s was obtained at a wire separation 130 µm when wire length was
1000 µm, wire width was 1 µm and wire thickness was 0.1 µm. Flat frequency
response was obtained for a band width of 10–1 kHz.

Particle Velocity Sensor is a key component for the development of acoustic
vector sensor which has wide range of applications.
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Chapter 119
Design and Simulation of SOI-ISFET
Macromodel Using SPICE

Mohit Padhye, Soumendu Sinha, Rishi Sharma
and Ravindra Mukhiya

Abstract A behavioral macromodel of SOI-ISFET has been developed in
HSPICE® to simulate the electrolyte-oxide-semiconductor structure of ISFET in a
solution, with an additional membrane layer. The dual-gate effect of the SOI-ISFET
has been simulated and enhanced sensitivity was obtained for different sensing
films. The effect of gate oxide and buried oxide thicknesses on the dual-gate sen-
sitivity has been studied and the obtained results are in accordance with the
available literature.

119.1 Introduction

ISFET is similar to a MOSFET, with the additional capacity to exhibit different
threshold voltages in response to the chemical environment outside the device [1].
ISFET is extensively used as a pH sensor but the sensitivity of conventional ISFET is
capped at 59.2 mV/pH, also known as the Nernstian limit [2]. The SOI-ISFET over-
comes this limitation by its capability to operate in dual-gate mode, and has various
other advantages such as stable performance, lower leakage currents, lesser parasitic
capacitances etc. [3]. In this paper, the behavior of the SOI-ISFET has been modeled
and simulated in HSPICE, which can facilitate circuit level simulation of the device.
Further, the macromodel is utilized to analyze the dual-gate mode of SOI-ISFET for
enhanced sensitivity and the effect of variations in the gate oxide thickness as well as
buried oxide thickness on the sensitivity of the device has been studied. The simula-
tions are performed for three sensing films viz. SiO2, Si3N4 and Al2O3.
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119.2 SOI-ISFET Macromodel

Figure 119.1 shows different layers at the electrolyte–oxide interface for
SOI-ISFET. The membrane layer represents the biological layer if the SOI-ISFET is
utilized for biosensing applications [4]. As shown in Fig. 119.1, the membrane
layer is modeled between the Gouy layer and the Helmholtz layer. The Helmholtz
layer consists of site-binding charges and hydrated salt ions closest to the insulator
surface. The layer is modeled as two capacitors connected in series:

CHelm ¼ eIHPeOHP
eIHPdOHP þ eOHPdIHP

ð119:1Þ

The entire electrolyte-oxide interface is considered to behave as a pH-dependent
surface potential w0, which is dependent on the membrane potential wm as [4]:

w0 ¼ wm þ r0ðw0Þ
CHelm

ð119:2Þ

where, ro is the site-binding charge expressed by:

Fig. 119.1 Schematic of SOI-ISFET
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r0 ¼ qNsil
½Hþ �2e�2qw0

kT � KþK�

½Hþ �2e�2qw0
kT þKþ ½Hþ �2e�qw0

kT þKþK�
þ qNnit

½Hþ �2e�qw0
kT

½Hþ �2e�qw0
kT þKN

ð119:3Þ

The charges in the membrane layer rmd can be expressed as [4]:

rmd ¼ �signðwm � wDPÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4qn0kTem
p

� cosh
qwm

kT

� �

� cosh
qwDP

kT

� �

� qðwm � wDPÞ
kT

sinh
qwDP

kT

� �� �� �0:5

ð119:4Þ

where, wDP ¼ sinh�1ð vNm
2Zn0

Þ.
In the above formulae, eIHP and eOHP are the inner and outer Helmholtz plane

permittivities respectively, dIHP and dOHP are the distances of the inner Helmholtz
plane and outer Helmholtz plane respectively, Nsil and Nnit are the silanol and amine
binding site densities respectively, [H+] is the hydrogen ion concentration, k is the
Boltzmann constant, T is the absolute temperature, K+, K−, KN are the site disso-
ciation constants, n0 is the electrolyte concentration, Nm is the membrane charge,
v is the valency of the membrane charge, z is the valency of the salt ions and em is
the permittivity of the membrane layer.

The charges in the membrane layer are neutralized by diffusion of charges from
the Helmholtz layer and the electrolyte. The above expression for membrane charge
is based on the assumption that charge neutrality is obtained within the membrane
layer and the electric field at the centre of the membrane layer reaches zero if the
membrane layer is thick enough. The membrane potential is related to the
pH-dependent voltage source as [4]:

wm ¼ w0 þ
rmdðwmÞ
CHelm

ð119:5Þ

The pH-dependent voltage source acts like an offset to the applied voltage,
which results in different threshold voltages of the device in response to different
chemical environments i.e. different pH of the solution.

Dual-gate operation of SOI-ISFET exhibits an enhanced sensitivity to pH
variation. The dual gate sensitivity is directly proportional to the buried oxide
thickness and inversely proportional to the sensing oxide thickness [3]. We have
considered the sensing films of SiO2, Si3N4 and Al2O3 for analysis. The HSPICE
sub-circuit is shown in Fig. 119.2. The various capacitances and pH input are
modeled in the subcircuit, and the pH dependent voltage source is connected to the
inbuilt SOI MOSFET model provided by BSIM [5].

Theoretically, the dual-gate sensitivity can be calculated from the single-gate
sensitivity by the following relation [6]:
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DVthðdualÞ ¼ 3tbox
3tox þ tSOI

DVthðfrontÞ ð119:6Þ

where, tbox is the buried oxide thickness, tox is the oxide thickness and tSOI is the
SOI layer thickness. Hence, the dual-gate sensitivity is amplified by the same factor.
However, experimental results for sensitivity of dual-gate behavior show less
amplification due to other phenomenon, which can come due to thickness of active
layer [7]. The simulation results for the increased sensitivity have been presented in
the next section of the paper.

119.3 Results and Discussion

The SOI-ISFET macromodel is simulated in HSPICE and transfer characteristics
are obtained for various sensing films and different gate oxide thicknesses as well as
buried oxide thicknesses. Throughout the analysis, ion concentration has been kept
low at 0.001 M to prevent screening of bio-molecules in the membrane layer.
Membrane charge is kept zero for pH sensing, but needs to be considered while
sensing bio-molecules like protein, DNA etc. [4].

Fig. 119.2 HSPICE sub-circuit schematic for SOI-ISFET
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Table 119.1 Parameters for different sensing films

Material K+ K− KN Nsil Nnit

SiO2 15.8 63.1e−009 – 5.0e+018 –

Si3N4 15.8 63.1e−009 1.0e−010 4.5e+018 5.0e+017

Al2O3 12.6e−009 79.9e−010 – 8.0e+018 –
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Fig. 119.3 Transfer characteristics with respect to a front gate voltage and b back gate voltage for
Al2O3 sensing film
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Table 119.2 Sensitivity for single-gate mode and dual-gate mode for different sensing films

Material Single-gate sensitivity (mV/pH) Dual-gate sensitivity (mV/pH)

SiO2 38.55 123.66

Si3N4 56.33 166.66

Al2O3 58.95 170

(a)

(b)

Fig. 119.4 Variation of dual-gate sensitivity with a buried oxide thickness, b sensing oxide
thickness
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Table 119.1 summarizes the sensing film characteristics for the SOI-ISFET [6],
which need to be substituted in the HSPICE netlist.

Based on these characteristics, the SOI-ISFET can be analyzed for the
single-gate mode as well as the dual-gate mode. The dual-gate mode exhibits
enhanced sensitivity to pH variation, which can be clearly seen in Fig. 119.3 for an
SOI-ISFET with Al2O3 sensing film. Sensitivity values for different sensing films
are tabulated in Table 119.2. The comparison between single-gate mode and
dual-gate mode is performed for SOI ISFET with SOI layer thickness of 150 nm,
buried oxide thickness of 700 nm and sensing oxide thickness of 20 nm.

Figure 119.4a shows the variation of dual-gate sensitivity with buried oxide
thickness for SOI layer thickness of 150 nm and oxide thickness of 20 nm. It can be
seen that there is a direct relationship between dual-gate sensitivity and buried oxide
thickness [7]. Similarly, Fig. 119.4b shows the inverse relationship between
dual-gate sensitivity and sensing oxide thickness for active layer thickness of
150 nm and buried oxide thickness of 700 nm.

Thus, it can be observed that in order to obtain enhanced sensitivity, a device
with thicker buried oxide must be used, and a thinner gate oxide is desirable.
However, the active layer thickness also plays an important role in the sensitivity
enhancement and a detailed study has been carried out by Jang et al. [7].

119.4 Conclusions

In this work, a behavioral macromodel was built for SOI-ISFET in HSPICE by
utilizing the built-in models of SOI-MOSFET provided by BSIM. The SOI-ISFET
was then simulated to obtain transfer characteristics through front gate sweep as
well as back gate sweep. The dual-gate behavior was studied and an enhanced
sensitivity was obtained beyond the Nerstian limit. The effect of varying the gate
oxide thickness as well as buried oxide thickness was studied and it was found that
thicker buried oxide and thinner gate oxide increases the dual-gate sensitivity of the
device. The studies were carried out for three sensing films SiO2, Si3N4 and Al2O3

and it was found that Al2O3-based SOI-ISFET has the best performance.
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Chapter 120
Feasibility Analysis of Acoustic Bragg
Reflectors for Unreleased
Opto-mechanical Resonators

Ambika Shanker Shukla and Siddharth Tallur

Abstract We study the feasibility of applying Acoustic Bragg Reflectors (ABRs)
to an opto-mechanical resonator system using COMSOL Multiphysics to model the
losses, focusing on the impact of integration of optical and acoustic components on
device performance. Our analysis suggests negligible impact of this integration and
holds promise for a practical realization of our proposed design with all-unreleased
resonators.

120.1 Introduction

Unreleased photonic resonators in non-linear optical materials such as silicon
nitride (Si3N4) allow generation of optical frequency combs while eliminating the
need for sacrificial etch layers and sophisticated packaging. Opto-mechanical
transduction has been shown in the past for efficient modulation at higher fre-
quencies [1]. Co-generation of frequency combs and opto-mechanical modulation
will allow coupling these mechanisms to realize hybrid modulated combs that can
be self-referenced [2]. In this work, we study a Si/SiO2 ABR paired acoustic
resonator [3] vertically integrated with a silicon nitride photonic circuit, and a finite
element method (FEM) based model to estimate mechanical quality factor
(Q) calibrated with experimental data reported in [3]. By decoupling the mechanical
and optical domains [4], we are able to propose a system that uses single mode
waveguides for efficient guiding of light and high Q with large cross-sectional
acoustic aspect ratio (Fig. 120.1).
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120.2 Device Design

We design a Si/SiO2 ABR pair based on reflectivity analysis of the acoustic
reflectivity presented in [3]. Unlike the derivation in [3] that assumes infinite
number of ABR pairs, we calculated the reflectivity for finite number of ABR pairs
(Fig. 120.2).

120.3 FEM Simulation Results

Mechanical Q is optimized through anchor loss simulations using perfectly matched
layers in COMSOL Multiphysics. The resultant complex eigenfrequency is used to
calculate Q that is compared to calculation from time-intensive harmonic analysis.
Both methods show similar trends and are in the same order of magnitude
(Fig. 120.3). The small size of the photonic circuit components results in their
transparency to the acoustic wave and minimal degradation in quality factor (as
high as 50).

Fig. 120.1 Cross sectional view of (left) vertically coupled ring resonator waveguide and (right)
photonic crystal waveguide with unreleased acoustic resonator below

Fig. 120.2 Reflectivity calculations for Si/SiO2 ABR pairs targeted for 1 GHz
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Sarabalis et al. [5] have recently reported an unreleased opto-mechanical res-
onator system using fin waveguides, and studied effect of fin geometry on
mechanical Q. They have shown through simulations and experimental data that the
fin aspect ratio and mechanical Q are inversely related. On normalizing these
simulation values for 1 GHz frequency our simulation results are akin to theirs.
Figure 120.4 shows comparison of simulation results for fin geometry to our
analysis ABR pairs, where the resonator frequency is normalized to 1 GHz. While
the simulation results for mechanical Q reported in [5] are higher than our esti-
mates, they are roughly in the same ball-park order of magnitude. The advantage of
using an ABR geometry is that the architecture is inherently optimized for one
particular mechanical resonance, and will not display parasitic resonances that
could affect measurements as reported in [5]. In summary, we propose an unre-
leased opto-mechanical resonator that can be realized with CMOS compatible
processing that will add another valuable toolkit to the collection of chip scale
opto-mechanical devices.

Fig. 120.3 (Left) Harmonic analysis response. Inset: Mode shape. (Right) Comparison of Q
calculation by both methods versus aspect ratio

3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6

20

30

40

50

60

70

80

Q
ua

lit
y 

Fa
ct

or

Aspect Ratio

 Fin geometry.
 ABR pairs.

Fig. 120.4 Comparison of
simulated mechanical Q for
fin geometry [5] and ABR
pairs

120 Feasibility Analysis of Acoustic Bragg Reflectors for … 799



References

1. S. Tallur et al., Partial gap transduced MEMS opto-acoustic oscillator beyond GHz.
IEEE JMEMS 24(2), 422–430 (2015)

2. P. Del’Haye et al., Hybrid electro-optically modulated microcombs. Phys. Rev. Lett. 109(26),
263901 (2012)

3. W. Wang et al., Acoustic Bragg reflector for Q-enhancement of unreleased MEMS resonators,
in Proceedings of IEEE FCS (2011), pp. 1–6

4. K. Debnath et al., Highly efficient optical filter based on vertically coupled photonic crystal
cavity and bus waveguide. Opt. Lett. 38(2), 154–156 (2013)

5. C.J Sarabalis et al., Release-free silicon-on-insulator cavity optomechanics. Optica 4(9) (2017)

800 A. S. Shukla and S. Tallur



Chapter 121
Silicon Etching Characteristics
in Modified TMAH Solution

Veerla Swarnalatha, Avvaru Venkata Narasimha Rao and Prem Pal

Abstract In the present work, we have studied the etching characteristics of Si
{100} and Si{110} in modified low concentration TMAH solution by adding
different concentrations of NH2OH. The etch rate of silicon and thermal oxide, and
etched surface morphology, which are important parameters to be known in the
fabrication of MEMS structures using silicon wet bulk micromachining, have been
studied in modified TMAH solution. In addition, the effect of aging time of the
etchant solution on the etching characteristics is investigated.

121.1 Introduction

Micromachining is a prominent method to fabricate microstructures for micro-
electromechanical systems (MEMS) and nanoelectromechanical systems (NEMS).
Wet anisotropic etching is widely used in bulk micromachining for the fabrication
of micro/nano structures [1–11]. However various kinds of anisotropic etchants are
used, TMAH is the most appropriate choice for post CMOS process and to obtain
high etch selectivity between Si and SiO2 [12–15]. The etching characteristics of
TMAH solution with its varying concentration without and with different kinds of
additives have been studied at different temperatures [16–28]. The etch rate in low
concentration TMAH is reported to be higher than that in high concentration
solution [16–19]. However, the etched surface morphology degrades in low con-
centration TMAH. The addition of a very small amount of appropriate additive,
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especially surfactant, alters the etching characteristics dramatically [16–28]. In this
work, we have performed the detailed study of 5 wt% TMAH without and with
addition of various concentrations of NH2OH (5, 10, 15, 20%).

121.2 Method

Cz-grown one side polished 4-in. p-type {100} and {110} oriented silicon wafers of
resistivity from 1 to 10 Ω cm are used. One-micron thick oxide layer is deposited
using thermal oxidation process. Oxidized wafers are patterned using lithography
followed by oxide etching in buffered hydrofluoric (BHF) acid. After selective
etching of oxide in BHF, wafers are cleaned thoroughly in deionized (DI) water.
Now the photoresist is removed using acetone followed by cleaning in running DI
water. The wafers are then diced into 2 � 2 cm2 pieces using a dicing saw. The
diced samples are cleaned in piranha bath (H2SO4:H2O2::1:1) followed by DI water
rinse. Subsequently samples are dipped into 1% HF to remove oxide layer grown
during piranha cleaning followed by rinsing in DI water. Thereafter etching
experiments are carried out in 5 wt% TMAH without and with addition of different
concentration NH2OH (5, 10, 15, 20%) using constant temperature bath. To avoid
the concentration variation of the etchant during etching, a reflux condenser with a
narrow opening is used. Etching characteristics such as etch rate, and surface
morphology are carried out using 3D laser scanning microscope (OLYMPUS
OLS4000), an optical microscope (OLYMPU MM6C-PC), Scanning electron
microscope (SEM, Zeiss), and Spectroscopic Ellipsometry (J. A. Woolman Co.Inc).

121.3 Results

In the fabrication of MEMS structures, etch rate is an important factor. The etch rate
of Si{100} and Si{110} is calculated by measuring the etch depth for different
etching times. Figure 121.1 shows the etch rate of Si{100}, Si{110}, and SiO2 in
pure and with varying concentration of NH2OH-added 5 wt% TMAH. It can easily
be noticed that the etch rate of Si{100} and Si{110} increases significantly when
NH2OH is incorporated (Fig. 121.1a). Despite not being the main focus of this
study, we attempt to explain the reason behind the high etch rate with the help of
etching mechanism. As we know that the etching of silicon depends on the
availability of redox couple OH−/H2O in the etchant solution near to the silicon
surface being etched [29, 30]. High etch rate may be because of the high acces-
sibility of OH¯ ions and H2O in the etchant solution as catalyzing species and
active etching species, respectively. Extra OH− ions and H2O molecules might be
produced from the decomposition of NH2OH as intermediate and final products in
the presence of alkaline solutions [26, 31–34]. At the same time Fig. 121.1b shows
the etch rate of SiO2 with varying concentration of NH2OH. It can be understood
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easily that the etch rate of SiO2 increases with increase of NH2OH amount, but the
increment is less than 0.0010 µm/h up to 15% NH2OH and saturates for higher
concentration. However, the etch selectivity between silicon and oxide improves
significantly on addition of NH2OH.

Surface roughness is a key factor especially in the fabrication MEMS for optical
application. Figure 121.2 shows the average surface roughness of Si{100} and Si
{110} with varying concentration of NH2OH in 5 wt% TMAH. The surface
roughness of Si{100} improves with the addition of NH2OH (10–20%), while Si
{110} surface roughness fluctuates with increase of NH2OH concentration.
Figure 121.3a, b present the SEM images of the etched surface morphologies of Si
{100} and Si{110}, respectively. In silicon wet etching, the etched surface mor-
phology may vary due to several factors such as etching time, etchant concentra-
tion, micromasking, impurities in etchant, formation of hydrogen bubbles during
etching and etchant inhomogenities [1, 10, 35–38]. It can be concluded from these
results that 15% NH2OH is the best choice to improve the etch rate and surface
morphology of Si{100}.

Fig. 121.1 Etch rate characteristics: a etch rate of Si{100} and Si{110} and b SiO2 etch rate and
its selectivity with silicon (i.e. RSi=RSiO2 ) with varying concentration of NH2OH (etching time:
1 h)

Fig. 121.2 Surface roughness of a Si{100}, and b Si{110} with varying concentration of NH2OH
(etching time: 2 h)
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Fig. 121.3 SEM images of a Si{100}, and b Si{110} surface morphologies etched in pure and
NH2OH-added TMAH (etching time: 2 h)
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In order to study the aging effect of solution on the etch rate, 15% NH2OH + 5
wt% TMAH used for 20 h and the etching experiments are performed at 5 h
interval. The results are presented in Figs. 121.4 and 121.5. It can be observed that
the etch rate does not affect significantly, but etched surface morphology fluctuates.

121.4 Conclusions

Etching characteristics of NH2OH-added 5 wt% TMAH, which provides high etch
rate and etch selectivity along with improved surface morphology on Si{100}and Si
{110}, are investigated in detail. Effect of NH2OH concentration in TMAH on the
etch rate and surface roughness has been studied. In this work, 15% NH2OH is
found to be an optimal concentration to achieve high etch rate and improved etch
selectivity between silicon and its oxide. High etch selectivity can be explored for
the fabrication of suspended structure using oxide as structural layer and to fabricate

Fig. 121.4 Etch rate of a Si{100} and b Si{110} etched in 15% NH2OH-added 5 wt% TMAH
with varying etchant age (etching time: 1 h)

Fig. 121.5 Surface roughness of a Si{100} and b Si{110} etched in 15% NH2OH-added 5 wt%
TMAH with varying etchant age (etching time: 2 h)
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cavities using oxide film as mask material. Furthermore, the effect of etchant age on
the etch rate and etched surface roughness has been studied for 15% NH2OH-added
5 wt% TMAH solution. No significant change in the etch rate and surface rough-
ness of Si{100} and Si{110} is observed on the samples etched after every 5 h in
same solution till 20 h.
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Chapter 122
Nanostructured SnO2 Films:
Room Temperature NH3 Sensing

M. Abinaya, Ramjay Pal and M. Sridharan

Abstract Gas sensing characteristics of the tin oxide SnO2 thin films towards
ammonia (NH3) were investigated. This sensor exhibits good response and recovery
at room temperature. In addition, SnO2 films were investigated for its structural,
morphological, electrical and optical properties. The proposed sensor shows dif-
ferent electrical response in the detection of the vapors like methanol, ethanol,
formaldehyde, and Trimethylamine (TMA). Among many other vapors, SnO2

showed better sensing response towards NH3.

122.1 Introduction

In the recent years, gas sensors have found many applications in industries for
monitoring the gas leakage and protecting the lives of human beings. NH3 is a
colorless toxic gas which has an intensely irritating odor and may cause lung injury
when the explosion limit is greater than 10 ppm. It can present naturally in the
atmosphere in sub-ppb levels which can be present in fertilizers, material pro-
cessing and chemical industries. In order to detect NH3 leakage, gas sensors are
widely used in environmental monitoring and protection areas. Metal oxide based
sensors possess a unique potential to serve as sensors. Among many metal oxides,
SnO2 is the promising sensing element which possesses good stability, high sen-
sitivity and they have the ability to sense the wide variety of gases with good
response value. This sensing element when operated at higher temperatures may
give many practical inconveniences which may degrade the performance of sens-
ing. Md. Shahabuddin et al. worked on detecting NH3 at room temperature by using
Platinum (Pt) as a catalyst along with SnO2 to enhance the sensing performance and
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achieved the sensing response of 25.7 for 450 ppm of NH3 and also the response
time were *1 s [1]. P. Manjula et al. also developed the sensor to detect Carbon
monoxide (CO) at room temperature. In order to enhance the sensing response, Au
was added as a catalyst along with SnO2 and found the response and recovery time
were 20 and 200 s respectively [2]. So, the efforts are taken to detect many harmful
gases at room temperature using nanostructured metal oxide as sensing element
because of their advantages like simple design structure and low cost.

SnO2 based sensors were used as a sensing element for detecting both reducing
as well as oxidizing gases. There are also many leading metal oxide semiconductors
available like ZnO, V2O5, Cu2O, Cr2O3 etc., But, SnO2 is chosen as a gas/vapour
sensing element because of its good chemical stability, easy adsorption and des-
orption of gaseous molecules due to its nanostructure and ease in fabrication too.
There are many research groups worked in the recent past to develop the sensor that
are to be operated at room temperature to detect various harmful gases. The sensing
element was synthesized by many chemical methods like spray pyrolysis,
hydrothermal, spin coating and dip coating [3–5]. There are only limited works
done so far for developing the sensor using DC reactive magnetron sputtering
technique [6, 7]. In this paper, SnO2 thin films were prepared and applied for NH3

sensing application at room temperature. This sensing element can sense NH3 at
very low concentration range of 10 ppm. The response of NH3 may be because of
the porosity and surface morphology of the metal oxide semiconductor.

122.2 Experimental Procedure

SnO2 thin films were synthesised by DC reactive magnetron sputtering technique
on glass substrates using tin (Sn) metal target by varying the cathode power and
deposition time. Base pressure was maintained to be in the range of 3.5 � 10−5

mbar. Ar and O2 were used as sputtering and reactive gases in the ratio of 3:2. To
remove the oxide layer and impurities present in the target, pre-sputtering was done
using Ar gas at low cathode power for 3–5 min [8]. Cathode power was varied as
10, 20 and 30 W and the deposition time was carried out to be 10, 20 and 30 min
respectively. When the cathode power is given to the metal target, the adatoms
gains more kinetic energy and thus the momentum will be transferred which will
lead to ejection of large number of atoms from the surface of the metal target and
will get deposited onto the glass substrates [9]. If cathode power is raised from 10 to
30 W, the deposition rate will be increased and thus the thickness of the films will
also get increased. Deposition time will also leads to increase the film thickness
because of the higher diffusivity of atoms on the substrates. Hence, SnO2 deposited
at 20 W and 20 min were chosen as the optimum cathode power and deposition
time for the sensing characteristics towards NH3.

Structural properties of the films were analysed using XRD (Rigaku Ultima III)
operated with the Cuka radiation (1.54 Å) and step size of 0.02° was used to study
the structural properties. Morphological properties were studied using FE-SEM
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(Jeol JSM 670 1F) with accelerating voltage of 3 kV and operating distance of
5.7 mm. Optical and electrical properties were studied using UV-Vis spectropho-
tometer over the range of 300–800 nm and four-point probe method (SES instru-
ments) respectively. The thickness of the films was measured using stylus probe
profilometer (Mitutoyo 201).

122.3 Results and Discussion

Figure 122.1 shows the XRD patterns of SnO2 films deposited at 10, 20 and 30 W
for 10, 20 and 30 min. All the films exhibited rutile structure with (112) as the
predominant peak. The intensity of the peaks increased as the cathode power
increases, since the atoms find most suitable sites to grow in the same lattice planes
and the given cathode power and deposition time is sufficient to bring crystalline
nature.

Fig. 122.1 XRD patterns of
SnO2 thin films
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Since for the higher cathode power, the ejection of atoms will be in the higher
rate and also the diffusivity of atoms will increase due to increase in deposition
time. Grain size of the films were calculated using Debye Scherrer’s formula
formula

D ¼ kk
bcosh

ð122:1Þ

where,

k is the wavelength of X-ray radiation
b is the FWHM of the peak
h is the Bragg angle.

It is known that increasing cathode power and deposition time will lead to
increase the thickness, crystallinity and also we observe the increase in grain size
[10]. The larger grains are formed due to agglomeration of smaller grains which
then fuse together to form the larger grains that will attribute to better crystallinity.

Figure 122.2 shows the FE-SEM images, we can observe the nano-granules like
morphology with porous nature which will enhance the sensing properties and also
the grain size increased when both cathode power and deposition time increased.
Since the surface to volume ratio of the films are high, the adsorption sites for the
O2 molecules to get trap will be more and the interaction of NH3 will get enhance
and results in change in electrical resistance. Cracks were observed in the films
deposited at 30 W, 30 min which resulted in the less value of response as the
interaction of O2 molecules and NH3 is not continuous and will allow less con-
duction between grains [1]. So, the films deposited at 20 W, 20 min were optimsed
to be better for sensing properties. Thin film growth phenomena can be predicted as
follows:

• Initially the atoms will get adsorbed on the surface of the substrate
• These adsorbed atoms will then interact each other and form as a cluster
• Clusters will then starts to collide and hence results in thermodynamic stability
• Atlast, thin films are formed

The bandgap, transmittance and absorption spectra of SnO2 thin films were
obtained by UV-Visible spectrophotometer and it is found to be highly transparent
(*85–90%) in the wavelength range which is visible. Optical bandgap were
obtained by extrapolating the (ahɣ)2 to the photon energy (hɣ). The bandgap were
found to be decreased from 3.82 to 3.12 eV due to increase in grain size. Because
of the increase in grain size, the electrons will get scatter grain boundary will get
reduced and thus phonons find no way to get scatter. The electrical resistance of the
films were also found to be decreased from 312 to 112 MX which was measured by
four point probe method [11, 12]. The bandgap reduction and increase in resistance
are well (ahɣ)2 correlated since the decrease in resistance indicates that the energy
gap between conduction and valence band are reduced which allows the electrons
to jump from valence band to conduction band [13]. Thickness of the samples were
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increased from 120 to 253 nm because of the higher deposition rate. The values of
thickness, crystallite size, bandgap and resistance of SnO2 thin films were tabulated
in Table 122.1.

Fig. 122.2 FE-SEM images of SnO2 thin films

Table 122.1 Thickness, crystallite size, bandgap and resistance of the SnO2 thin films

Sample
name

Sample details
(W, min)

Thickness
(nm)

Crystallite
size (nm)

Bandgap
(eV)

Resistance
(MX)

B1 10, 10 120 32.3 3.82 312

B2 10, 20 148 49.2 3.78 278

B3 10, 30 210 57.8 3.66 250

B4 20, 10 135 35 3.64 235

B5 20, 20 152 53 3.63 210

B6 20, 30 232 62 3.59 193

B7 30, 10 142 46 3.56 152

B8 30, 20 176 57.2 3.35 135

B9 30, 30 253 63.8 3.18 112
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122.3.1 Gas Sensing Properties

Figure 122.3a shows the transient response of SnO2 deposited at 20 W, 20 min
towards 100 ppm of NH3. The sensing element (SnO2) were exposed to NH3

vapour from 10 to 100 ppm concentration at room temperature and observed their
sensing behaviour towards various concentration of NH3. It is observed that the
prepared SnO2 film showed decrease in resistance when the reducing vapour NH3 is
injected inside the vacuum sealed sensing chamber [14]. The change in resistance
was noted in the KEITHLEY 6517-B electrometer. Resistance decreased because of
the interaction of adsorbed O2 species on the sensing element’s surface which will
emancipate the trapped electrons to the surface of sensing element thereby increase
in the conductivity was observed. The response value increased for increase in the
concentration from lower range [15, 16]. This room temperature sensor showed
better sensing response, quick response and recovery time without any promoting
effects like adding noble metals like Pt, Pd, Au to enhance sensing response [7, 12].
The response value, response and recovery time for all the SnO2 films were tab-
ulated in Table 122.2.

Fig. 122.3 a, b, c Transient response, response versus concentration, selectivity plot of SnO2 thin
film (B5)
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122.3.2 Sensing Mechanism

122.3.2.1 Interaction of NH3 with the Surface of Sensing Element
(SnO2)

The gas sensing phenomenon is explained in terms of change in electrical resistance
due to interaction of adsorbed O2 molecules with NH3 vapour. The space charge
region get modulates due to its reaction kinetics between physisorbed O2 species on
the pores that are actively present on the sensor surface which then interacted with
the NH3 vapour [12, 17]. The O2 present in the ambient atmosphere will get
adsorbed initially on the surface pores (grain boundaries of the sensor element) and
traps electron from the SnO2. The potential barrier is thus formed between two
grains which plays an important role in electron conduction which inturn impedes
the sensing response [4, 12, 18]. The possible sensing mechanism could be [1]

3O�
2 + 4NH3 $ 2N2 + 6H2O + 3e� ð122:2Þ

3O� + 2NH3 $ N2 + 3H2O + 3e� ð122:3Þ

3O�
2 + 2NH3 $ N2 + 3H2O + 6e� ð122:4Þ

Sensing response is calculated using the formula, Ra
Rg

Sensing response is calculated using the formula, Rg
Ra

Selectivity is one of the major property for a good sensor [19]. Figure 122.3c
shows the selectivity plots based on the sensing response for different vapours at
100 ppm concentration for the sample B5. The response versus concentration for
the sample B5 at different concentrations of NH3 is given in Fig. 122.3b.

The prepared SnO2 films were exposed to vapours like ethanol (C2H5OH),
acetone (C3H5OH), formaldehyde (HCHO), TMA (C3H9N) and ammonia (NH3).
The sensing element shows better response towards NH3 at 100 ppm concentration.

Table 122.2 Sensor response, response and recovery time of SnO2 thin films

Sample name Response value Response time (s) Recovery time (s)

B1 40.7 94 100

B2 60 63 74

B3 64 78 92

B4 77 104 157

B5 386 22 26
B6 111 87 93

B7 105 53 85

B8 151 52 116

B9 181 98 135

The bold values of sample B5 is optimised
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122.4 Conclusion

• SnO2 films were deposited by varying cathode power and deposition time and
they were optimised

• The optimised SnO2 thin film (B5) has been proposed as the good sensor for
sensing NH3

• The response value is found to be 386. Sensor element shows the response and
recovery time of 22 and 26 s respectively

• The prepared sensor was highly selective towards NH3 at room temperature
without any catalyst and it is electrically stable
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Chapter 123
TiO2 Thin Film Optimization
for Ammonia Gas Sensing

Neha Sakhuja and Navakanta Bhat

Abstract The influence of Argon to Oxygen ratio on Ammonia sensing properties
of reactive DC magnetron sputtered TiO2 thin film has been investigated. The film
deposited at highest ratio exhibited mixed phase (Anatase and Rutile) while the film
deposited at the lowest ratio showed no crystallinity as analyzed by X-ray
diffraction (XRD). The mixed phase TiO2 film showed enhanced response towards
NH3 in the concentration range of 50 ppb (6.6%) to 3 ppm (347%) at 250 °C,
which could be correlated to the crystalline phase of TiO2. The roughness of this
film was the highest (1.55 nm) among others owing to the morphology of the film.

123.1 Introduction

Non-invasive medical diagnosis has long been the target of medical community and
breath Volatile Organic Compound (VOC) detection could be a significant leap
forward in this direction. The sensors designed for this purpose must not only be
easy to use to facilitate implementation in field conditions, but also be highly
rugged, scalable and give repeatable, accurate results and have a long lifetime.
Metal oxide sensors are widely known for fulfilling all these requirements [1, 2].
The development of one such sensor for NH3 is detailed here. NH3 is a volatile
inorganic compound produced by the human body in healthy as well as diseased
state and its levels in breath vary from 50 to 2000 ppb depending on the disease and
its severity [3, 4]. Measuring breath ammonia can lead to fast diagnosis for patients
suffering from kidney related disorders [5] or stomach ulcers [4]. For these appli-
cations, no breath analyser exists today.

Metal oxide sensors using SnO2 [6], WO3 [7], ZnO [8, 9], CdO [10], ITO [11]
etc. have been extensively studied for sensing NH3. However, detection of this gas
in the ppb concentration range which is crucial for disease diagnosis is barely
reported in literature. Though chemically prepared sensors including WO3 and TiO2
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do report lower Limit of Detection (LLoD; down to 2.5 ppb and 50 ppt respec-
tively) [7, 12], they are not suitable for field. Among the n-type metal oxides, TiO2

has been widely exploited for this purpose and its non-toxicity, biocompatibility
and thermal stability are advantageous. To ensure the scalability, stability and
commercial use of sensor, RF magnetron sputtering was chosen for developing
these sensors. Hence, the sensor reported here is CMOS compatible and batch
fabricable at a low-cost.

We demonstrate the fabrication and testing of TiO2 based NH3 sensor on a SiO2/
Si platform incorporating interdigitated electrodes (IDE). A concentration range
low enough (50 ppb to 3 ppm) for the intended medical diagnosis to be carried out
has been successfully detected. Characterization studies have been performed to
study the film. The repeatability and selectivity of sensor against the relevant gases
is also reported here.

123.2 Materials and Methods

123.2.1 Thin Film Preparation

TiO2 films were deposited on oxidized Silicon substrate by reactive DC magnetron
sputtering. Pure Titanium (99.995% purity, 76.2 mm diameter and 6 mm thickness)
was used as the sputtering target. The deposition chamber was evacuated to a base
pressure of 2e−6 torr. Highly pure argon and oxygen gases were used as sputtering
and reactive gases respectively. To remove target surface contamination, the target
was pre-sputtered in Argon atmosphere for 30 min. The deposition pressure of the
chamber was fixed at 2e−3 torr. The distance between target and substrate was
fixed at 7.5 cm. The sputtering power was 150 W and deposition duration 40 min.
Three different flow rates (Argon, Oxygen) namely: F1(25, 15), F2(20, 20), F3(15,
25) were allowed into the deposition chamber through mass flow controllers, one at
a time, keeping the total flow constant (40 sccm).

123.2.2 Fabrication of Sensor

The Inter-Digitated Electrode (IDE) based sensor structure shown in Fig. 123.1 was
fabricated in four steps. A P-type <100> Silicon wafer with resistivity in the 1–
10 Ω cm range was used as the substrate. It was cleaned by RCA1, RCA2 and BOE
cleaning prior to oxidation which produced a 1 lm thick layer of SiO2 (as an
electrically insulating layer to prevent shorting of the electrodes). IDE were pat-
terned on the Si/SiO2 substrate using a chrome mask by UV photo-lithography. The
width and the separation between electrodes was 5 lm. A layer of Ti/Pt (10/90 nm)
was deposited on the pattern using DC magnetron sputtering, for creating contact
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pads, followed by lift off. Another step of photo lithography was done to cover the
pads and a very thin layer of TiO2 was deposited on the device by reactive DC
magnetron sputtering as per the parameters mentioned in Sect. 123.2.1.

123.2.3 Characterization Studies

The crystalline phase of the samples was examined using XRD (with Cu Ka
radiation, k = 1.5406 Å) in the 2h range of 10°–90° with a scan rate of 1 deg/min.
The crystallite size was determined using Debye Scherrer Equation. The surface
morphology of the films was investigated by Atomic Force Microscopy (AFM).
The thickness values of the films were measured by Ellipsometry and it came out to
be 39 ± 1 nm for all the three films.

123.2.4 Characterization Set up for Gas Sensing

Sensor characterization was performed inside a custom-built rectangular gas
chamber with a temperature-controlled graphite susceptor. The gases are obtained
from gas cylinders and their flow rates are controlled via Mass Flow Controllers
(MFC) from Alicat. A static gas mixer was used to obtain a uniform composition
and the total gas flow rate was fixed at 500 sccm for each concentration.
A Keithley SMU 237 was used to measure the resistance and current under varying
gas flow conditions while interfaced to a computer running a MATLAB program
which performed real time data acquisition.

Fig. 123.1 Schematic of fabrication of interdigitated electrodes
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123.3 Results and Discussion

123.3.1 Structural Properties

XRD characteristics of TiO2 films deposited at three different flow rates (F1, F2 and
F3) are shown in Fig. 123.2. TiO2 films deposited at lowest Ar:O2 ratio i.e. F3(15,
25) was found to be amorphous in nature. On increasing the Argon to Oxygen ratio
from 0.6 to 1 (F2: 20, 20), a low intensity peak was observed that corresponds to
(110) plane of rutile. On further increasing the ratio to 1.6 (F1: 25, 15), intensity of
rutile (110) plane was increased and an additional (101) plane of Anatase was
observed, resulting into mixed phase film. The obtained Diffraction patterns mat-
ched the (ICDD) card no. 00-021-1272 for Anatase and 00-021-1276 for Rutile.
The crystallite size for the polycrystalline film which was deposited at F1(25, 15)
was found to be 8 nm, estimated using Debye Scherrer formula.

123.3.2 Morphological Properties

The surface morphology of TiO2 thin films was observed using AFM. Figure 123.3
shows the AFM images of the films deposited at three different flow rates. It can be
seen from the figure that for the film deposited at lowest Ar:O2 (F3), the surface is
very smooth with roughness of 0.18 nm owing its amorphous nature. On the other
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hand, for the polycrystalline film deposited at highest ratio (F1: 25, 15), the
columnar crystalline grains of 31.33 nm avg. size can be seen causing more rough
surface with RMS roughness of 1.55 nm.

123.3.3 Chemical Composition

The XPS measurement of all the three thin films was performed to further confirm
the chemical composition and oxidation state, and the results are shown in
Fig. 123.4. The peak for C 1 s at 284.6 eV is ascribed to adventitious carbon from
the XPS instrument. The XPS spectrum for all the three flows shows four peaks at
binding energies of 464.5, 462.5 eV and 458.6, 456.8 eV (Fig. 123.4a) that are
assigned to Ti 2p1/2 and Ti 2p3/2 respectively, which are characteristic of Ti4+ in
TiO2 and Ti3+ in Ti2O3 respectively [13]. But for F1(25, 15), one more peak was
found at 454.1 eV which corresponds to metallic Ti(0). The O 1 s spectrum shows
two peaks at 529.9, 531.1 eV as shown in Fig. 123.4b. Here, the intense peaks at
529.9 can be assigned to lattice oxygen in TiO2, whereas the weak peak at 531.1 eV
is related to the surface adsorbed oxygen [14].

123.3.4 Sensing Characteristics

The sensing is based on the principle of chemisorption. TiO2, the n-type semi-
conductor which here acts as a sensing layer is made up of interconnected metal
oxide (TiO2) grains and the target gas ammonia (NH3) acts as a reducing agent. The
depletion layer varies at the grain boundaries upon exposure to oxidizing or
reducing gas, which leads to the modulations of height of energy barrier causing
free carriers to flow and thereby results in the change in the electrical conductivity
of the sensing material [15]. When the film is heated in air, the atmospheric oxygen
molecules are ionosorbed on the sensor surface (O2−, O−, O2

−) depending upon the
sensor operating temperature [16] as shown in (123.1–123.4):

Fig. 123.3 AFM images of F1(25, 15), F2(20, 20), F3(15, 25)
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O2 gasð Þ $ O2 physiosorbedð Þ ð123:1Þ

O2 physiosorbedð Þ þ e� $ O�
2 chemisorbedð Þ100

�C ð123:2Þ

O�
2 chemisorbedð Þ þ e� $ 2O�

chemisorbedð Þ100� 200 �C ð123:3Þ

O�
chemisorbedð Þ þ e� $ O2�

chemisorbedð Þ\200 �C ð123:4Þ

This adsorbed oxygen increases the height of energy barrier restricting the flow
of electrons from one grain to other, leading to higher electrical resistance [15].
When the film is exposed to NH3, interactions between NH3 and ionosorbed
oxygen lower the energy barrier height by releasing electrons back to the surface,
leading to decrease in resistance of the film [15]. The proposed sensing mechanism
between NH3 and the surface of TiO2 is shown in Fig. 123.5 and reaction between
the ammonia and adsorbed oxygen [17] is given below in (123.5):

4NH3 þ 3 O�
2

� � ! 2N2 " þ 6H2O " þ 3e� ð123:5Þ

To carry out the sensing experiment, Synthetic air (containing 80% nitrogen and
20% oxygen) was used as a reference gas. Once the surface reactions were stabi-
lized, the target gas (NH3) was introduced into the chamber. The sensor response (S
in %) is calculated by using (123.6)

S ¼ Ig � Ia
Ia

� 100% ð123:6Þ

where Ig and Ia are the electrical currents in the presence of synthetic air and target
gas respectively.

Sensing characteristics of all the three TiO2 films towards different concentra-
tions of NH3 (50 ppb to 3 ppm) were studied from room temperature to 250 °C.

Fig. 123.4 XPS Spectra of TiO2. a Ti 2p, b O 1s
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There was no significant change in conductivity of the films deposited at F2(20, 20)
and F3(15, 25) flow rates but the one deposited at F1(25, 15) showed significant
changes in electrical currents towards different concentrations of NH3 (shown in
Fig. 123.6) and hence is reported here. The sensing temperature was optimized at
250 °C. The response of the TiO2 film increases with increase in NH3 concentra-
tion. The response values were found to be 6.6, 27.7, 35, 108, 207, 347% for 50,
100, 150, 500 ppb, 1 and 3 ppm of NH3 concentrations, respectively. Figure 123.6
shows the transient sensing curve of the sensor fabricated with TiO2 film deposited
at flow rate, F1(25, 15) to different concentrations of NH3 (50 ppb to 3 ppm). After
the removal of the NH3 in each cycle of different concentration, the current recovers
to its baseline current, indicating good recovery of the sensor. The response time
and recovery time of the sensor was found to be 21 and 120 s respectively.

Fig. 123.5 Sensing mechanism depicting interaction of an n-type metal oxide (TiO2) and
reducing gas (NH3)

Fig. 123.6 Transient NH3 sensing behavior of TiO2 film at 250 °C deposited at flow rate, F1(25,
15)
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The sensing response can be attributed to the Anatase (101) facet which occu-
pies >90% of surface area [18] and is loosely bonded to the Ti ion, increasing
oxygen vacancy defects [19] and hence increasing NH3 adsorption.

123.3.4.1 Selectivity and Stability

The selectivity of the sensor towards different gases is shown in Fig. 123.7a. It was
studied by exposing gases likely to be present in breath during various diseases—
NO (500 ppb), Acetone (1800 ppb), H2S (500 ppb), CO2 (1000 ppm), Oxygen
(200,000 ppm) and Hydrogen (10 ppm). Among various gases, the film showed a
maximum response towards NH3. NO is present in Lung disorders [20], Acetone in
Diabetes [21], H2S in halitosis [22], H2 in food intolerances. Figure 123.7b shows
the error plot for the repeatability of the sensor response for different concentrations
over a period of six months. It can be clearly seen that there was no significant
change in the response values at lower concentrations i.e. 50 and 100 ppb, indi-
cating the stability of sensor at lower concentrations over a long period of time.

123.4 Conclusion

This work demonstrates a TiO2 sensor for NH3 that can span the concentration
range from 50 ppb to 3 ppm with a significant response of 6.6% to 347%
respectively. It is especially useful for medical diagnostics as the LLoD of 50 ppb is
the lowest level reported in literature for this purpose [4, 5]. The TiO2 films were
deposited on Silicon substrate using DC reactive magnetron sputtering by under
three combination of gas flows. Out of these, the F1(25, 15) showed very high
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sensing response, short response time and good repeatability towards NH3 at 250 °
C. The enhanced sensing response of the sensor can be attributed to the crystallinity
of the film and high oxygen vacancies. It has also shown good selectivity against
gases like NO, H2S, CO2, O2, H2 and Acetone. The physical deposition method
ensures scalability, repeatability, reliability and lower cost of fabrication.
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Chapter 124
Fabrication and Characterization
of Enzymatic Electrochemical Glucose
Sensor for Closed Loop System

Rekha Phadke and H. C. Nagaraj

Abstract Nanoparticle Cerium Oxide sputtered on Platinum coated on silicon
dioxide gave promising results to be used as Glucose Biosensor for closed loop
system. This stack of Sensor was then coated with Glucose Oxidase to form a
working electrode of a three electrode system. Scattered electron microscope showed
nanoporous surface morphology and cyclic voltammetry showed a linear trend in
current for increase in Glucose concentration from 40 to 320 mg/dl in 10 ml
Phosphate buffer solution. The current trend observed was from 50 to 120 µA. The
results obtained show that cerium oxide can be ideally used for immobilizing
Glucose Oxidase and hence can form an efficient part in Glucose Biosensor.

124.1 Introduction

Diabetes Mellitus is one of the principal causes of death and disability in the world.
Frequent testing of physiological blood glucose levels to avoid diabetes emergencies
is crucial for the confirmation of effective treatment. Therefore the development of
high sensitive, low-cost, reliable glucose sensors having an excellent selectivity has
been a subject of concern for decades. The objective of this paper is to build a sensor
using Nanoparticle like Cerium Oxide (CeO2) which is a non toxic, chemically inert
and electrically conductive material which has large surface area. It can very well
immobilize the enzyme Glucose Oxidase (GOX). CeO2 of 18 nm is sputtered on a
20/100 nm of Titanium/Platinum surface and GOX is coated over it to increase its
selectivity and sensitivity. Then its functionality based on Cyclic Voltammetry
(CV) and Chronoamperometry techniques are observed. Also its material
Characterisation is observed in Scattered electron microscope (SEM).
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124.1.1 Motivation

Since Clark and Lyons Proposed in 1962 [1] the initial concept of Glucose enzyme
electrodes there is a dramatic increase in efforts towards the development of a
reliable diabetic control device. Enzymatic sensors have a upper hand in compar-
ison to non enzymatic sensors because of their high specificity, selectivity and
sensitivity nature. Hence several immobilization techniques have been developed
[2–4]. But the challenge is to make it economical since using enzyme is very
expensive. Also Nanostructured CeO2 is an excellent electrode material because it
is a non toxic, chemically inert, electrically conductive material, biocompatible with
large surface area. It acts as an electrochemical redox couple that makes it suitable
for a glucose sensor. The Isoelectric point of CeO2 is (IEP, 6.7–8.6), while the IEP
of GOX is (IEP, 4.2) [5]. Therefore a high IEP material can bind a low IEP material.
Hence extensive research is been carried out towards the use of CeO2 in Glucose
sensor, like in the form of Sol Gel deposition [5] or PLD deposition [6]. This work
is carried out with sputtering of CeO2 which leads to a very economical method.
Also this work has exhibited satisfactory performance.

124.2 Methodology

The steps in fabrication of the electrochemical Glucose sensor was carried out by
wafer cleaning of a N type, Silicon 4 in., orientation-100, 1–10 X resistivity in
General wet bench for 10 min in Piranha (9:1 H2SO4:H2O2 at 90 °C) solution.

Metal sputter of Ti/Pt was carried out under a pressure of 7.3E−3 Torrents at
room temperature with deposition time of 36 s and 150 W power for Titanium and
deposition time of 174 s and 35 W power for Platinum in the presence of Argon
gas.

Metal sputter of CeO2 was carried out at room temperature with deposition time
of 20 min and 60 W power in the presence of Argon gas and Oxygen.

124.2.1 Stack of Electrochemical Sensor

A stack of 3 layered Glucose Sensor was fabricated as follows:
The 4 in. silicon substrate formed the first layer with Titanium/Platinum metal

sputter of thickness 20/100 nm as the second layer. Finally CeO2 nanoparticle
sputter of thickness 18 nm formed the top layer. This was then coated with GOX
enzyme. This stack formed the working electrode of a 3 electrode system
(Fig. 124.1).
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124.2.2 The Experimental Setup of the 3 Electrode System

A CV system consists of an electrolysis cell, a potentiostat, a current to voltage
converter, and a data acquisition system [7]. The electrolysis cell consists of the
working electrode (The fabricated electrochemical Glucose Sensor), counter elec-
trode (Platinum electrode), reference electrode (Platinum electrode) and electrolysis
solution (Stock solution of Glucose in 10 ml PBS). The working electrode’s
potential is varied linearly with time, while the reference electrode maintains a
constant potential. The counter electrode conducts electricity from the signal source
to the working electrode. The electrolysis provides ions to the electrodes during
oxidation and reduction. A potentiostat uses dc power source to produce a potential
which can be maintained and accurately determined. The current to voltage con-
verter measures the resulting current and the data acquisition system produces the
resulting voltammogram. This setup was used for cyclic voltammetry and
chronoamperometry study of the fabricated Glucose sensor.

124.2.3 The Relation Between GOX and Glucose
and Optimization of GOX

The response of different concentration of GOX in 10 ml PBS solution was
observed using Cyclic Voltammetry.

The B-D Glucose and Glucose Oxidase from Aspergillus Niger was used for the
experimentation. Also 1 unit of GOX was required to break 1 Umol of Glucose.
Therefore 1 mg of GOX was required to break 10 mg of Glucose (1:10 ratio).

Fig. 124.1 Fabrication of
glucose sensor on a 4 in.
silicon substrate
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Before coating the fabricated working electrode with GOX, a experimentation
was carried out to study the behavior of GOX. Different concentration of GOX was
added in 10 ml of PBS which formed the electrolysis. The CV of this electrolysis in
a 3 electrode system is shown in Fig. 124.2, which showed that increase in GOX in
PBS resulted in decrease in current trend and hence it was required to optimize the
amount of GOX which is then coated on the fabricated working electrode.

124.2.4 Stock Solution Preparation

A stock solution of Glucose was prepared which is a solution of very high con-
centration of Glucose in PBS. From this stock solution several diluted solutions are
derived ranging from 40 to 320 mg/dl.

124.2.5 Study of Glucose Sensor

Cyclic voltammetry and Chronoamperometry study on fabricated Glucose sensor
which was the working electrode in 3 electrode system was carried out in 2 ways:

(i) GOX was added directly in the diluted solution of Glucose of different con-
centration which formed the electrolysis and the fabricated electrochemical
sensor formed the working electrode (Pt/CeO2)

(ii) GOX was coated on the fabricated electrochemical sensor by physical
adsorption method (5 mg GOX was dissolved in 25 µL of PBS and pipetted

Fig. 124.2 The CV of different concentrations of GOX in 10 ml PBS
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on the Sensor) and was dried overnight in a desiccator which formed the
working electrode (Pt/CeO2/GOX) (Fig. 124.3), and different concentration of
Glucose solution formed the electrolysis.

124.3 Results and Discussion

The results of Cyclic voltammetry study of the bare working electrode (Pt/CeO2)
reveals that 5 mg of GOX in Glucose solution gave a satisfactory result due to its
increase in current trend for increase in concentration of Glucose (Fig. 124.6), when
compared to 1 mg and 25 mg of GOX in Glucose solution (Figs. 124.4 and 124.5).

Fig. 124.3 The SEM results of working electrode surface without and with GOX

Fig. 124.4 CV of 3 electrode system with 1 mg of GOX in Glucose solution and bare working
electrode (Pt/CeO2)
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The cyclic voltammetry study of 5 mg GOX coated on the working electrode
(Pt/CeO2/GOX) (Figs. 124.7, 124.8 and 124.9) exhibits a increase in current trend
for increase in Glucose concentration indicating its use as a Biosensor in closed
loop system.

Fig. 124.5 CV of 3 electrode system with 5 mg of GOX in Glucose solution and bare working
electrode (Pt/CeO2)

Fig. 124.6 CV of 3 electrode system with 25 mg of GOX in Glucose solution and bare working
electrode (Pt/CeO2)
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Also the repeatibility study of cyclic voltammetry for 320 mg Glucose solution
showed satisfactory results (Fig. 124.10).

Fig. 124.7 CV of 3 electrode system with 5 mg of GOX coated on the working electrode (Pt/
CeO2/GOX)
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Fig. 124.8 Current versus Glucose concentration for bare working electrode (Pt/CeO2) [Scale is
in 1:10 ratio]
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124.4 Conclusion

The Glucose Sensor gave satisfactory result with a Promising aspect towards its
integration in a closed loop Glucose Monitoring System. Its Sensitivity, repeata-
bility and reproducibility can be improved by various enzyme immobilization
methods like entrapment, covalent bonding or cross linking.

Acknowledgment We, the authors would like to thank Indian Nanoelectronics User Program
(INUP), Biosensor Lab, National Nanofabrication Facility (NNFC) and Micro and Nano
Characterization facility (MNCF) at CENSE, Bangalore for providing necessary facilities required
to carry out this work.
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Fig. 124.10 Repeatability CV of Current versus Glucose concentration for GOX coated working
electrode (Pt/CeO2/GOX) in 320 mg of Glucose solution
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Chapter 125
Temperature Compensation of MEMS
Capacitive Accelerometer
for Navigational Application

Yashoda Parmar, Shaveta, Shankar Dutta, Ramjay Pal
and Kapil Kumar Jain

Abstract To employ the MEMS device for navigational purpose; temperature
stability, bias stability and linearity are the key parameters. In present paper, the
effect of temperature variation on the output of z-axis capacitive accelerometer is
discussed. In absence of any temperature compensation (TC) circuit, the
accelerometer exhibited an out-put variation of 1875 ppm/°C. After employing the
suitable TC circuit, the out-put variation is reduced to 75 ppm/°C.

125.1 Introduction

In present day, micro-electro-mechanical system (MEMS) based sensors like
accelerometer and gyroscopes are essential part of airplanes/fighter aircraft, UAVs,
guided missiles, rockets, satellites, and other space vehicles. These are also
extensively used in automobiles, robots, biomechanical systems, flying simulators,
and many other machines. Navigational applications demand high sensitivity, low
noise micro accelerometers having excellent linearity, temperature and bias
stability.

Previously, we have demonstrated a two-plate capacitive accelerometer (change
in gap approach) fabricated by dissolved wafer process (DWP) based bulk
micromachining technique. The device is operated in ±30 g dynamic range with
60 mV/g scale factor sensitivity [1]. For navigation application, the device need to
exhibit stable operational characteristics in the temperature range of −40 to 80 °C.
However, the device is found to be having high temperature drift.

This temperature variation of the MEMS accelerometer seems to be arising due
to the variation in capacitance due to several factors, like, thermal stresses;
degassing from the packages and adhesives, due to heating etc. [2].
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In this paper, we are presenting effect of temperature variation over the output of
theMEMS based capacitive accelerometer. A suitable TC circuit (ICmodel no.MAX
1454) is added in the accelerometer package for improved temperature stability

125.2 An Overview of the MAX1454

The MAX1454 is a highly integrated analog sensor signal conditioner targeted for
automotive applications. The device provides amplification, calibration, and tem-
perature compensation to enable an overall performance approaching the inherent
repeatability of the sensor. The fully analog signal path introduces no quantization
noise in the output signal while enabling digitally controlled trimming of the output.
Offset and span are calibrated with integrated 16-bit DACs, allowing sensors to be
truly interchangeable.

The device architecture includes a programmable sensor excitation, a 32-step
PGA, a 2K � 8 bits internal flash memory, four 16-bit DACs, and an on-chip
temperature sensor. In addition to offset and span compensation, the device pro-
vides a unique temperature-compensation method for offset TC and FSO TC, which
was developed to provide a remarkable degree of flexibility while minimizing
manufacturing costs.

The device uses four 16-bit DACs (offset, FSO, offset TC, and FSO TC) with
coefficients ranging from 0�0000 to 0�FFFF. The offset DAC and FSO DAC are
referenced to VDDX (76FV resolution when VDDX = 5 V). The offset TC DAC
and FSO TC DAC are referenced to the bridge voltage (38FV resolution when
bridge voltage is 2.5 V).

The user can select from one to 110 temperature points to compensate their
sensor. This allows the latitude to compensate a sensor with a simple 1st-order
linear correction or to match an unusual temperature curve. Programming up to 110
independent 16-bit flash memory locations corrects performance in 1.5 °C tem-
perature increments, over a range of −40 to +125 °C.

125.3 Results and Discussions

Figure 125.1 shows the different stages of development of the MEMS capacitive
accelerometer structure. Figure 125.1a showed the SEM image of the fabricated
accelerometer structure. The device is then packaged in a 32 pin LTCC package
along with commercially available low capacitance measurement ASIC (Irvine
Sensor, MS 3110) as shown in Fig. 125.1b. The sensor is then mounted on an
in-house developed evaluation board as shown in Fig. 125.1c. After that, the effect
of the temperature on the accelerometer output is determined by placing it in a
closed cooling and heating chamber (Cascade Microtech) as shown in Fig. 125.1d
(Fig. 125.2).
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The typical temperature response of the accelerometer sensor is shown in
Fig. 125.3. The sensor exhibited substantial change in output voltage (*0.45 V)
over the temperature range of −40 to 80 °C. This results in poor temperature
stability of output (1875 ppm/°C) which is not desirable for navigational applica-
tions. To counter this problem of temperature instability, the MAX 1454 IC is then
incorporated inside the package.

The IC is connected in series with the sensor output. Here, the output of the
accelerometer data is fed to the flash memory of IC. The IC generates a compatible
look up table with temperature index which in turn compensate the temperature
instability.

Figure 125.4 shows the output behavior of the accelerometer after the IC
incorporation. From Fig. 125.3, it is quite evident that the output is fairly stable
(0.01 V) in the entire operating temperature range. The output temperature stability
improved to a value of *75 ppm/°C.

Fig. 125.1 Functional block
diagram of MAX1454
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Fig. 125.2 Different stages
of development of the MEMS
capacitive accelerometer:
a Fabricated MEMS
accelerometer sensor
structure; b Packaged
accelerometer sensor with
ROIC in a 32 pin LTCC
package; c Accelerometer
mounted on evaluation board;
d Temperature response
measurement set up
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Fig. 125.3 Typical response of the MEMS capacitive accelerometers without any temperature
compensation circuit

Fig. 125.4 Typical response of the accelerometer sensor with the temperature compensation circuit
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125.4 Conclusion

Navigational application demands highly temperature stable output. This paper
discussed about effect of temperature variation on the output of z-axis capacitive
accelerometer. In absence of any temperature compensation (TC) circuit, the
accelerometer showed an out-put variation of 1875 ppm/°C in −40 to 80 °C. After
employing the suitable TC circuit, the out-put variation is reduced to 75 ppm/°C in
this temperature range.
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Chapter 126
Development of Barometric Pressure
Sensor for Micro Air Vehicle
Application

S. Santosh Kumar, Amit Tanwar and B. D. Pant

Abstract This work describes the design and fabrication of a barometric pressure
sensor for MAV application. The sensor has polysilicon piezoresistor and wet bulk
micromachined diaphragm. The fabricated sensor shows good sensitivity of
34.78 mV/Bar at and an excellent non-linearity of <0.11%.

126.1 Introduction

Pressure sensing is one of the most performed measurement encompassing a wide
variety of application [1, 2]. The sensors developed in this work are for Micro Air
Vehicles (MAV) application to determine the altitude. Piezoresistive pressure
sensors based on bulk micromachining are proven for their cost competitiveness
and ease of fabrication. Polysilicon based resistors are used as piezoresistors on top
of silicon diaphragm for converting the pressure input into voltage output using
Wheatstone bridge.

126.2 Design and Fabrication of Sensor

A diaphragm thickness of 25 µm and a diaphragm of size 1600 µm � 1600 µm is
chosen keeping in view the ease of fabrication and theory of thin plates, respec-
tively. The diaphragm deflection and von-Mises stress for a pressure of 1.1 bar is
shown in Fig. 126.1. Further simulations are carried out in order to determine the
optimum position of piezoresistors and meander shaped piezoresistors are used to
enhance sensitivity.

For fabrication of the sensor, polysilicon is deposited using LPCVD and is
doped with phosphorous for piezoresistor formation. The piezoresistors are pat-
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terned using a novel technique where the PSG is used as a masking layer for etching
polysilicon in TMAH. Wet bulk micromaching using TMAH is carried out as the
last step by using a specialized wafer holder protecting front side of the wafer. Eight
different sensors with different piezoresistor configurations are fabricated using the
same mask. The optical image of one of the sensor (Sensor ID—2 � 1) is shown in
Fig. 126.2.

Fig. 126.1 a Displacement and b von-Mises stress of sensor diaphragm

Fig. 126.2 Optical image of fabricated barometric pressure sensor chip (Sensor ID—2 � 1)
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126.3 Characterization Results

The eight different sensors developed are characterized by applying pressure from
0.1 to 1 bar in steps of 0.1 bar using a precise pressure controller. The voltage
output versus pressure for the best sensor is shown in Fig. 126.3. The linear fit of
the curve and the equation for the same is also shown in Fig. 126.3.
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Chapter 127
Room Temperature Organophosphate
Detection by Thermally Oxidized Metal
Oxide Thin Films

Surya Prakash Ghosh, Saswat Pattnaik, Kailash Chandra Das,
Nilakantha Tripathy, Diana Pradhan, Gouranga Bose
and Jyoti Prakash Kar

Abstract This work mainly focuses on the growth and chemical sensing nature of
CuO thin films for organophosphate pesticide detection. Cu films were first grown
on p-type silicon substrate [(100), 1–10 Ω cm] using RF magnetron sputtering at
50 W power and 4 � 10−3 mbar pressure. Thermal oxidation of the films was
carried out in air atmosphere at temperatures varying from 200 to 800 °C. The
structural investigations were carried out by X-ray diffraction (XRD) technique.
A mixed phase of CuO and Cu2O was observed for the oxidation temperature of
200 °C. The FESEM micrographs have shown a uniform granular surface pattern at
the oxidation temperature of 600 °C without any appearance of cracks. In order to
study the sensing behavior, current–voltage measurements were carried out in an
isolated sensing chamber at room temperature. A considerable increase in current
was observed for the oxidized films in presence of organophosphate pesticide.

127.1 Introduction

In the current era, organophosphates (OP) are used extensively in the agricultural
sector in order to ensure the protection of crops from pests and insects. These
organophosphate based pesticides have adverse effect on human health, food chain
as well as on the ecosystem. OPs are highly toxic even at very low concentration and
irretrievably inhibit the working of acetylcholinesterase (AChE), an important
enzyme in human body, which may lead to muscular paralysis, convulsions, bron-
chial constriction, and death by asphyxiation [1, 2]. The principal classes of OP

S. P. Ghosh � S. Pattnaik � K. C. Das � N. Tripathy � D. Pradhan � J. P. Kar (&)
National Institute of Technology Rourkela, Sector-1, Rourkela 769008, Odisha, India
e-mail: karjp@nitrkl.ac.in

G. Bose
ICFAI Foundation for Higher Education University, Dontanpally, Hyderabad 501203,
Telangana, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_127

849

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_127&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_127&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_127&amp;domain=pdf


mostly contain chlorpyrifos, dichlorvos and parathion, which confirm crop longevity
in comparison to other pesticides and are an essential part of the present agricultural
industry. Several conventional methods have been established for the detection of
OP compounds such as gas chromatography (GC) [3], high-performance liquid
chromatography (HPLC) [4], mass spectrometry method (MS) [5], molybdenum
blue method, electrochemical detection and enzymatic detection of cholinesterase-
inhibiting compounds [6, 7]. However, these methods are expensive, complex and
require time for detection. Hence, there is a necessity for faster, simpler and low-cost
method for real-time detection of OPs for its controlled utilization. A low cost
chemical sensor, which can accomplish the above mentioned requirements, can be
fabricated by using metal oxide semiconductor. Copper oxide is one of the potential
candidate among different metal oxides, and has drawn significant interest as a
sensor material due to its diverse properties as an antioxidant and catalyst [8].
Furthermore, Cu is available in abundance and the formation of oxide layer is easier
as compared to other metal oxides [9]. In addition, Cu based compounds have good
affinity towards OPs. Hence, an attempt has been made in this research work to study
the sensing behavior of CuO thin films for OP detection.

127.2 Experimental Work

CuO thin films were grown by thermal oxidation of sputtered Cu films. Prior to
thermal oxidation, Cu films were deposited on p-type silicon substrate [(100), 1–10
Ω cm] using RF magnetron sputtering technique at 50 W power and 4 � 10−3

mbar pressure using pure (99.99%) Cu target in argon ambient. The thermal oxi-
dation process of sputtered Cu films was carried out in air atmosphere at different
temperatures varying from 200 to 800 °C. The structural investigations were carried
out by X-ray diffraction (XRD, Rigaku/UltimaIV) with a CuKa (k = 0.154 nm)
radiation. The morphological study of the oxidized films was performed using Field
Emission Scanning Electron Microscope (FESEM, Nova/NanoSEM 450). The
electrical contacts between metal (aluminum) and semiconductor (CuO) samples
were made by using thermal evaporation of aluminum. Sensing behavior of the
oxidized Cu films was examined by current–voltage (I–V) measurements using a
Keithley picoammeter (model 6487) at room temperature.

127.3 Results and Discussion

127.3.1 Structural and Morphological Properties

Figure 127.1. shows the X-ray diffraction patterns of thermally oxidized Cu films in
air ambient at various temperatures. For thermal oxidation temperature of 200 °C, a
mixed phase of CuO and Cu2O is observed. With an increase in temperature, the
peak corresponding to Cu2O disappears. At higher temperature, CuO phase is
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Fig. 127.1 X-ray diffraction
patterns of thermally oxidized
Cu films in air ambient at
various temperatures: black
for 200 °C, red for 400 °C,
blue for 600 °C and green for
800 °C

Fig. 127.2 FESEM micrographs of thermally oxidized Cu films in air ambient at a 200 °C,
b 400 °C, c 600 °C and d 800 °C
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obtained. This may be due to the availability of excess oxygen at the interface. At
high temperature, the diffusion rate of atmospheric oxygen gets increased. For the
processing temperature of 800 °C, the intensities of the (�111) and (111) planes are
found to be prominent, which is attributed to the monoclinic structure of CuO [10].
Figure 127.2 shows the FESEM micrographs of the thermally oxidized sputtered
Cu films at various temperatures. A granular surface pattern without any appearance
of cracks has been observed for all the samples.

127.4 Current–Voltage Measurement
for Organophosphate Detection

In order to study the sensing behavior, current–voltage measurements were carried
out in a custom designed isolated sensing chamber at room temperature.
A considerable increase in current was observed for all the oxidized films in
presence of OP pesticide, which is attributed to the superior number of free elec-
trons present in CuO (Fig. 127.3). The sensing mechanism of these chemical

Fig. 127.3 I–V characteristics of copper oxide films in presence (red) and absence (black) of
organophosphate for a 200 °C, b 400 °C, c 600 °C and d 800 °C
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sensors is essentially based on reversible redox reaction between the sensing
material and pesticide [8]. I–V curves for the film oxidized at 600 °C have shown a
significant surge in the electrical current as compared to other films, which reflects
the higher sensitivity. One of the possible reasons for this rapid and sensitive
response is the fast redox reaction (electron exchange) due to the homogenous
granular surface morphology of the film oxidized at 600 °C. Further, at higher
oxidation temperature above 600 °C, irregular grains have been observed which
results in lowering the sensitivity response. The defect states, present at the irregular
boundaries of grains act as the trap centers. During sensing, these traps may capture
free carriers and as a result, the current is reduced.

127.5 Conclusion

In this work, the deposition of copper thin films on p-type silicon (100) substrate
was carried out by reactive RF sputtering technique. The thermal oxidation process
of sputtered Cu films was carried out in air atmosphere at different temperatures
varying from 200 to 800 °C. For oxidation temperature of 200 °C, a mixed phase of
CuO and Cu2O was observed. With an increase in the oxidation temperature, the
peak corresponding to Cu2O disappeared and pure CuO phase was obtained, which
is attributed to the monoclinic structure of CuO. The FESEM micrographs have
shown a uniform granular surface pattern for the oxidation temperature of 600 °C
without any appearance of cracks. The film oxidized at 600 °C has shown better
sensing property. The sensing study indicates that low cost OP sensors can be
fabricated by using CuO thin film.
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Chapter 128
Design of Continuous Membrane
Surface Micromachined Silicon
Deformable Mirror for Adaptive Optics

Renu Sharma, Isha Yadav, Aklesh Meena, Manoj Kumar,
Renuka Saxena and Kapil Kumar Jain

Abstract Adaptive Optics (AO) Technology controls the phase of the optical wave
front phase in real time and corrects it by, closed-loop manner. A AO system
consists of a correcting element deformable mirror (DM), wave front sensor used
for measuring the wavefront deviations and a real-time controller to correct the
phase by iterative algorithms. The Adaptive Optics technology finds its varied
applications in long range imaging for resolution enhancement, low-power laser
communications and astronomy. A deformable mirror is an adaptive element with a
reflective surface that changes shape when the control signal is applied. By intro-
ducing the correct mirror shape, a distorted wave front can be improved. In this
paper, the electromechanical design, dynamic behaviour and fabrication details of
two-layer surface micro machined silicon based Deformable Mirror (DM) is
described. The surface micromachined MEMS DM is fabricated using polysilicon
as the mirror membrane which is mechanically supported to an array of electrostatic
parallel plate actuators by posts. Deflection characteristics, modal, damping and
pull-in behaviour of the actuators have been analytically studied and simulated for
membrane measuring 3.3 mm � 3.3 mm � 3 µm supported by 10 � 10 array of
actuators to achieve a stroke of 2.5 µm, resolution of 10 nm and frequency
bandwidth 1 kHz. The fabrication process steps of DM has been worked out using
Poly MUMPS (Multi-user foundry Process).

128.1 Introduction

MEMS based deformable mirrors are commonly used in many AO applications as
they provide high stroke, high order packing density than the conventional tech-
nology. The MEMS technology is highly versatile leading to high resolution
wave-front correction. MEMS deformable mirrors finds advantages in performance
by ease of fabrication and batch production. As these mirrors are electrostatically
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actuated, the power consumption is negligible and possesses no hysteresis. They are
small size, light weight and can be densely packaged resulting in higher spatial
resolution. Figure 128.1 shows the schematic of Deformable Mirror (DM).
When DC voltage is applied between the electrodes and the suspended array of
actuators, the electrostatic force is developed resulting in the deflection of the
actuator downwards. The mirror membrane sheet, which is attached to the actuators
through posts also deflects. Table 128.1. shows the design specifications of the
surface micromachined deformable mirror.

128.2 Analytical Design and Simulation Results
of Deformable Mirror

Design Considerations: The important specifications to be considered for the
design of DM are: mechanical stroke, the number of actuators, spatial resolution,
mirror surface flatness and the frequency response.

The mechanical stroke is designed by the requirement of the peak-to-valley
excursions of the optical wavefront distortion. The deflection of the mirror mem-
brane provides the required stroke and is in the range of few microns.

Second, the number of actuators determines the order of corrections of wave-
front aberrations. The wavefornt aberrations are mathematically represented by
Zernike polynomials. The actuator number varies from 19 actuators for lab-level
testing applications upto 4000 actuators for astronomical applications.

Mirror 
Membrane 

Actuator 
Membrane Electrode m

Fig. 128.1 Schematic of
deformable mirror

Table 128.1 Design
specifications of the
deformable mirror

Parameters Values

Mirror diameter 3.3 mm

Actuator format 10 � 10

Actuator pitch <500 µm

Max. stroke 2.5 µm

Interactuator coupling <20%

Max. frequency response >1 kHz

Surface flatness <150 nm
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Third, spatial resolution determines the wavefront correction capability of the
DM which is dependent on the number of actuators and inter actuator coupling.

Fourth, because the surface flatness is designed by considering Rayleigh’s
quarter wavelength rule. For the visible band long range imaging applications (400–
700 nm), the mirror flatness should be less than 150 nm.

Finally, the temporal frequency response is a function of the rate of the change of
the dynamic nature of the optical aberrations caused by atmospheric turbulences.
A 1 kHz bandwidth is sufficient for requirements of astronomical and long range
imaging.

In addition to these specifications, ineractuator coupling is to be considered for
continuous mirror membrane. It is the ratio of the deflection of adjacent unactuated
actuators around the actuated actuator. The ratio of these two deflections is defined
as the actuator coupling and a 15–20% actuator coupling offers the best correction
capability. For segmented mirror the interactuator coupling is negligible and pro-
vides much higher order wavefront corrections.

For MEMS DM, these design parameters are dependent on the structure chosen
and the compatible fabrication process viz. surface and bulk micromaching. Hence,
the design of MEMS DM structure is carried out by considering the above speci-
fications determined by imaging applications.

The simulation of the deformable structure has been carried out using coven-
torwaresoftware. The material properties and its thickness has been chosen using
the PolyMUMPS (Multi-user MEMS Process) library.

(i) Natural Frequency: Resonant frequency for a actuator membrane anchored at
its four corners with the post is given by (128.1):

fn ¼ k2

2pL2

ffiffiffiffiffiffiffiffiffiffiffi
Ext
12qA

s
ð128:1Þ

where k = constant = 22.4, L = length of the membrane, E = Young’s modulus, A =
area, t = thickness of the membrane, q = density.

The rate change of the variations in the optical wave front distortion is of the
order of few milliseconds at optical wavelengths. Real time wavefront phase error
corrections must therefore be made within a few milliseconds by the controller to
minimize the distortion. The required closed-loop bandwidth for long range
imaging applications is of the order of 1 kHz. To achieve control at 1 kHz, the
natural frequency of the actuator should be at least 10 kHz. Figure 128.2a shows
the modal patterns of the array for actuator spacing 400 µm. The resonant fre-
quency of the array is 49 kHz. The first mode of the single actuator is shown in
Fig. 128.2b.
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(ii) Actuator deflection: The diaphragm has been modelled as a double cantilever
beam, with a gap dependent, electrostatic actuating force. Figure 128.3.
shows the deflection of the array when a voltage is applied to the centre
actuator. The deflection of 2.5 µm is observed for a voltage of 250 V. The
deflection pattern is observed by applying different voltage sat different
locations of the actuator. Figure 128.4. shows the interactuator coupling and
it is around 20%. It is also observed that interactuator coupling is found to be
nearly same for central or other actuators Further structure has been opti-
mised by varying the post size and membrane thickness to get the desired
performance.

(iii) Squeeze Film Damping: The dynamic performance is of the MEMS devices
is determined by considering the damping effects of the system. For MEMS
DM, the air is trapped in between the two surfaces, hence squeeze film
damping is dominant. Squeeze film air damping is a function of the surface
area of the moving parts, hence it becomes crucial in determining the
dynamic performance due to the large surface area to volume ratio of the
moving parts. The damping of the single structure is given by (128.2).

Fig. 128.2 a Resonant frequency of array: 49 kHz. b First mode of single actuator

Fig. 128.3 Deflection pattern
of the full array
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c ¼ 3lA2

2pg3o
ð128:2Þ

where c is the damping coefficient, go is the interactuator gap and A is the area of
the actuator. It is strongly dependent on the interactuator gap. Equation (128.3)
shows the formula to calculate damping ratio.

n ¼ c

2
ffiffiffiffiffiffi
km

p ð128:3Þ

where k = spring constant, m = effective mass, n = damping ratio.
The undamped mechanical resonant frequency has been modelled and is close to

49 kHz. The simulated damping ratio for the actuator spacing 400 and 450 µm is
observed to be 6.84 and 14.28 respectively.

(iv) Bandwidth analysis of the array: The bandwidth is determined by the structure
stiffness and squeeze film air damping between the two parallel electrodes.
The bandwidth is shown by (128.3).

Bandwidth ¼ 3 dB 10log
mag: of displacement in z� direction

max:magnitude in z� direction

� �
ð128:4Þ

It is seen that as the damping ratio increases the 3-dB bandwidth of the device
decreases. Figure 128.5a, b shows the frequency response and the 3-dB bandwidth
for different actuator pitch 400 and 450 µm. It is found that the required bandwidth
(>1 kHz) is obtained for actuator spacing 400 µm. Air damping significantly
reduces the bandwidth of the system and this effect has been studied.

Fig. 128.4 Inter actuator
coupling
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The simulation of the complete 10 � 10 array of actuators on 3.3 mm mirror
membrane is carried out by varying interactuator pitch, post size of the membrane,
actuator and membrane thickness to get the desired specifications. The final
designed values are tabulated in Table 128.1.

128.3 Fabrication Details of Deformable Mirror

The fabrication process of deformable mirror is a three layer polycrystalline
(polysilicon) surface micromachining process. To fabricate the structure,
Phosphosilicate glass (PSG) is the sacrificial layer and the Polysilicon is the
structural layer. The polysilicon is used to form the bottom electrodes, actuators and
the mirror membrane. The phosphorous doped polysilicon is used to form the
bottom electrodes, the upper electrodes and the mirror membrane is formed from

Bandwith :3KHz

Bandwith :600Hz

(a) (b)

Fig. 128.5 a and b Frequency response for different actuator spacing 400 and 450 µm

Table 128.2 Final design
parameters of the deformable
mirror

Mirror diameter 3.3 mm

Actuator format 10 � 10

Maximum stroke 2.5 µm

Inter actuator pitch 400 µm

Interactuator gap 5 µm

Mirror thickness 3 µm

Actuator thickness 2 µm

Mirror post size 40 µm

Bandwidth 4.7 kHz

Electrode size 250 µm

Pull-down voltage <200 V
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undoped polysilicon. The 150 mm-diameter silicon wafer is the substrate. First, a
500–600 nm silicon nitride film is deposited that isolates the surface micro
machined layers from the underlying silicon layer. Then, the first doped polysilicon
layer is deposited with a thickness of 500 nm using LPCVD, patterned and etched
by RIE to create the array of bottom electrodes. A 5 µm (initial gap g) phospho-
silicate glass (PSG) layer is then deposited as the first sacrificial layer to form the air
gap between the electrodes and the first electrostatic actuator. PSG is patterned and
etched by RIE to form the anchors which supports the actuators. Then, another
polysilicon layer of thickness 2 µm is deposited to form the upper electrodes/
actuator, followed by PSG deposition of thickness 2.5 µm determined by the mirror
stroke. PSG layer is patterned again to form the post above the actuators. The
second oxide creates a gap between the electrostatic actuators and the mirror
membrane. Finally, the deposition of third polysilicon layer of thickness 3 µm is
done to form the continuos mirror membrane. The small holes are put in the
membrane to ease the release of the structure. Then, the two PSG layers are etched
in a bath of 49% HF to remove the oxide and structure is released.

128.4 Conclusions

The desired electromechanical and dynamic performance of the deformable mirror
has been obtained. The fabrication process steps for three layer structure have been
worked out and explained.
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Chapter 129
High Charge Storage Capacity Micro
Electrode Array on a Wire
for Implantable Neuromuscular
Applications

D. V. Santhosh Kumar Gunapu and Siva Rama Krishna Vanjari

Abstract In this paper, we demonstrate fabrication of high charge storage capacity
microelectrode arrays (MEAs) on a thin gold wire, targeted towards implantable
neuromuscular applications. The patterned wire is flexible and can be brought in
contact with the targeted area with ease unlike traditional MEAs. The key contri-
bution here is the demonstration of wire patterning, followed by electro chemical
deposition of PEDOT (Poly 3,4-Ethylene Dioxy Thiophene)/Functionalized Multi
walled Carbon Nanotubes (FMWCNT) hybrid nano-composite material in selected
areas that resulted in biocompatible, high charge storage capacity (CSC) and lower
electrode interface impedance MEA on wire.

129.1 Introduction

Functional electrical stimulation (FES) is a widely used technique to make the
paralyzed muscles contract by applying electrical stimulation pulses [1]. As the
name suggests, the intervention of FES enables the lost function of paralyzed
muscles by replacing or assisting a person’s voluntary ability. The primary role of
transferring charge to the targeted muscle is possible only by well-designed MEA
such that it should satisfy the criteria like no muscle or tissue damage during
implantation, ease of implantation, high effective surface area, high CSC, low
electrode tissue interface impedance and biocompatibility [2]. High charge injection
capacity is the key criterion for an implantable MEA to ensure that the required
stimulus can be provided with lower stimulus current levels and within the stipu-
lated time such that the patient feels very less pain or discomfort [3]. Conventional
methodologies in the past [4, 5] have utilized complex fabrication procedures for
making the MEAs which require higher implantation area and they often lead to
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larger wounds during implantation. In the past, many researchers have investigated
the possibility of using conducting polymers as a top layer above the metal elec-
trode due to their inherent quality of higher charge storage capacity in tandem with
lower interface impedance. Among these conducting polymers, PEDOT is con-
sidered to be a suitable candidate owing to its biocompatibility, electrical and
chemical stability [6]. But, PEDOT suffers from low mechanical strength leading to
low cycling stability, which in turn causes delamination of the electro deposited
film. Hence, there is an urgent requirement for countering the lower cycling stability
of PEDOT by introducing some nano material having higher mechanical strength
into it. The present work aims at developing these MEAs on wire that would ease
the process of implantation without the loss of any of the desired properties.
Moreover the active electrode surface area is high due to the fabrication of cir-
cumferential electrode sites surrounding the gold wire. The fabrication of circum-
ferential electrode sites presented in this work is very simple and economical
without using any complex fabrication methods. After the fabrication of SU8
patterned MEA on a wire, the exposed electrode sites were electro deposited with
hybrid nano composite material, PEDOT/FMWCNT. The electro deposition
parameters and loading percentage of FMWCNTs into PEDOT were adapted from
our previous work [7] to attain higher CSC and lower electrode interface
impedance.

129.2 Fabrication and Experiment

The detailed fabrication process flow for the proposed wire MEA is illustrated in
Fig. 129.1. First and foremost, a bare gold wire of diameter 250 lm and of purity
99.9% obtained from Thermo fisher Scientific is cleaned with acetone, isopropyl
alcohol and Millipore deionized water. Gold wire is chosen for this application
because of its noble nature and amenability towards electro deposition of PEDOT/
FMWCNT without causing any corrosion effects during in vivo experiments.

129.2.1 Fabrication

After dehydration bake of gold wire, it is deposited with thin layer of SU8 2050
obtained from Microchem followed by prebake step of required duration and at
prescribed temperature given in the datasheet. After evaporation of the solvent from
the coated SU8 layer, the wire is covered circumferentially with an opaque tape of
desired width which is decided from the electrode site dimensions. Subsequently,
flood exposure of UV light is performed on the complete wire, followed by post
exposure bake of required time and temperature. Then, the unexposed regions of
SU8 photoresist from UV light are removed using SU8 developer such that
openings are created in the deposited SU8 layer for electrode sites as well as contact
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pads for applying electrical stimulus pulses. Finally, hard bake is performed for
duration of 30 min to the fabricated wire MEA. The optical microscopic images of
the patterned gold wire with SU8 taken from Olympus digital microscope are
shown in the Fig. 129.2.

Fig. 129.1 Fabrication process flow for the proposed wire MEA. a Clean the bare gold wire of
diameter 250 lm. b Deposit thin layer of SU8. c Cover the SU8 coated gold wire with opaque tape
of desired electrode site dimension around its circumference and perform flood exposure of UV
light. d Develop the unexposed portions of SU8 from UV light. e Hard bake and perform electro
chemical deposition of PEDOT-FMWCNT hybrid nano composite at the respective electrode site
area

Gold Gold 

SU8SU8

Fig. 129.2 Optical microscopic images of the patterned gold wire with SU8
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129.2.2 Electro Chemical Polymerization of Hybrid
Nanocomposite

After fabricating the final device as shown in Fig. 129.2, the exposed electrode sites
of gold wire were electro chemically deposited with SU8/FMWCNT hybrid
nanocomposite material. The synthesis of this nanocomposite is carried out using
Chrono Amperometry, a widely used Potentiostatic technique. These experiments
are done using CH Instruments three electrode system, wherein patterned SU8 wire
MEA, Pt wire and Ag/AgCl electrode are used as the working, counter and ref-
erence electrodes respectively. The electro chemical polymerization parameters
were directly adapted from our previous work [7] to achieve best charge storage
capacity and lowest electrode—electrolyte interface impedance. The scanning
electron microscopy (SEM), (Carl Zeiss, Germany) images of the final proposed
wire MEA before and after electro chemical deposition are shown in Fig. 129.3.

129.3 Results and Discussion

Figure 129.4 shows the surface morphology of optimized PEDOT/FMWCNT
hybrid nanocomposite electro chemically deposited on the gold electrode sites
insulated with SU8 layer. We can clearly observe that a network like structure is
formed between the functionalized mutiwalled carbon nanotubes and PEDOT
conducting polymer, indicating high degree of porosity leading to higher surface
area electrodes.

As shown in Fig. 129.5, the cyclic voltammetry (CV) curve is plotted with
current on Y-axis and the potential is scanned from −0.2 to 0.8 V and is plotted on
X-axis. The area enclosed by the CV curve is directly proportional to the charge
storage capacity i.e., higher the area under the CV curve, greater is the charge

Fig. 129.3 SEM images of the fabricated wire MEA. a Before and b after PEDOT/FMWCNT
deposition

866 D. V. S. K. Gunapu and S. R. K. Vanjari



storage capacity. From Fig. 129.5, it is observed that CSC of wire MEA is many
orders of magnitude higher than that of bare gold wire.

The impedance spectra of the SU8 patterned gold wire MEA are plotted using
electro chemical impedance spectroscopy (EIS) as shown in Fig. 129.6.
Figure 129.6a depicts the impedance magnitude plot of the PEDOT/FMWCNT
coated wire MEA at the electrode—electrolyte interface. It is observed that the
interfaced impedance of the proposed wire MEA is below 50 X around the

Fig. 129.4 SEM image
depicting the surface
morphology of PEDOT/
FMWCNT hybrid
nanocomposite material
electro deposited on SU8
patterned gold wire

Fig. 129.5 Comparison of CV for bare gold wire and fabricated wire MEA after PEDOT/
FMWCNT deposition
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frequency of 1 kHz. Whereas, the phase plot of interface impedance shows the
phase value near to zero degrees around the frequency of 1 kHz. The 1 kHz fre-
quency is generally chosen as a standard for neuro prosthesis applications.

129.4 Conclusion

The demonstration of SU8 patterning of gold wire using a very simple and cost
effective technique is shown. A method to deposit PEDOT/FMWCNT hybrid
nanocomposite material with highest charge storage capacity and lowest electrode
interface impedance is discussed. The proposed wire MEAs showed higher charge
storage capacity and lower electrode—electrolyte interface impedance. Hence, from

Fig. 129.6 a Magnitude plot
of electrode—electrolyte
interface impedance w.r.t
frequency. b Phase plot of
electrode—electrolyte
interface impedance w.r.t
frequency
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the results it is observed that this kind of wire MEAs with lesser tissue damage
could be designed for various neuro prosthetic applications by tuning the electrode
openings in the SU8 insulation layer.
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Chapter 130
Electrochemically Synthesized
Polypyrrole Nanofibers Towards
Glucose Biosensing Application

Pramila Jakhar, Mayoorika Shukla and Vipul Singh

Abstract In this paper, we have reported an enzymatic glucose biosensor utilizing
para-Toluenesulfonic acid (p-TSA) doped Polypyrrole nanofiber array (PNA) as a
support matrix for enzyme immobilization. PNA doped with varying concentrations
of p-TSA was synthesized electrochemically over Platinum coated glass substrate
for the same. The influence of different concentrations of p-TSA on PNA mor-
phology and thus its effect on glucose biosensing has been observed. The fabricated
glucose biosensor has shown the maximum sensitivity corresponding to 20 mM
p-TSA doped polypyrrole support matrix.

130.1 Introduction

With the increase in the number of patients suffering from diabetes around the
world, continuous monitoring of glucose level of such patients is very important. In
this context, research in the field of enzymatic glucose biosensors has accelerated
since the discovery of enzymatic electrodes by Clark and Lyon in 1962 [1].
Enzymatic biosensors have widely been accepted as a possible candidate for
development of sensing devices mainly owing to the fact that enzymes are highly
specific towards the analyte because of their biocatalytic property. An important
requirement for enzyme immobilization is that the supporting matrix must be
biocompatible and enzymes are retained over it [2]. Nanostructures of conducting
polymer Polypyrrole (PPy) have received great attention as a possible alternative
for support matrix, due to its high electronic conductivity and biocompatibility.
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Variety of PPy nanostructures can be synthesized via chemical, physical and
electrochemical method. Among these, electrochemical method is a simple and
direct approach which enables the growth of polymer on the electrode surface itself.
1 D PPy nanostructures have been reportedly synthesized via hard or soft templates
which facilitate the channeled and definite path for the growth of nanostructures.

Herein, we have utilized a simple template-free approach to fabricate p-TSA
doped PPy nanofibers for glucose biosensing application. The PPy nanofibers array
has been synthesized using electrochemical method. Further, the fabricated PNA
electrode was immobilized with GOx and finally, the obtained biosensor was
characterized using the amperometric technique.

130.2 Aim of the Study

The influence of two different concentrations (10 and 20 mM) of p-TSA on the
morphology of PNA towards glucose biosensing was to be observed.

130.3 Method

Here, PPy nanostructures were synthesized electrochemically over Platinum coated
glass substrate without any template using 10 and 20 mM concentration of p-TSA
as a dopant, in buffer solution. Corresponding to 10 and 20 mM p-TSA concen-
trations the prepared electrodes were named as PNA-10 and PNA-20 respectively.
Further enzymes were immobilized onto PNA electrodes using physical adsorption
technique. The fabricated biosensors (Glass/Pt/PNA/GOx) were examined using
amperometric transduction method.

130.4 Results and Discussion

The morphology of obtained PNAs has been examined by FESEM characterization.
Figure 130.1a, b shows FESEM images of PNAs corresponding to 10 and 20 mM
concentration of p-TSA. The respective diameter distribution of nanofibers has been
shown in Fig. 130.1c, d. It was observed that with the increased concentration of
p-TSA the diameter has been increased. FESEM results demonstrate the uniform
growth of nanofibers for both the concentrations of p-TSA. It is clearly visible from
Fig. 130.1a, b that high-density nanofibers have been obtained corresponding to
20 mM p-TSA causing higher enzyme loading which is the prerequisite for
enhanced sensitivity of a biosensor. Figure 130.2a shows the amperometric
response of as-fabricated biosensors (PNA-10/GOx and PNA-20/GOx). On suc-
cessive addition of glucose into PBS instantaneous current rise has been observed.
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Corresponding to each glucose concentration steady state value of current has been
noted for calibration curve shown in Fig. 130.2b. As clear from calibration curve
the sensitivity of the fabricated biosensor was maximum for PNA-20/GOx. The
high density nanofibers obtained for PNA-20 has led to higher enzyme loading
responsible for higher sensitivity of PNA-20/GOx. The obtained biosensor exhib-
ited the sensitivity of 5.56 mA cm−2 M−1 with a linear range of 0.25–1.5 mM and
response time of approximately 40 s.

Fig. 130.1 FESEM images and diameter distribution of PNAs corresponding to a, c 10 mM
p-TSA and b, d 20 mM p-TSA respectively

Fig. 130.2 a Amperometric detection of glucose. b Calibration plot for PNA-10 and PNA-20
based biosensor
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130.5 Conclusion

In summary, we have fabricated an enzymatic glucose biosensor based on p-TSA
doped PPy used as immobilization matrix for GOx. The effect of p-TSA concen-
tration on the morphology of PNA was observed which has shown high-density
nanofibers for PNA-20 leading to higher enzyme loading over the support matrix.
The higher enzyme loading has played a major role in the improved sensitivity of
glucose biosensor.
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Chapter 131
Effect of Si3N4 Passivation
on the Acetone Sensing Performance
of Pd/AlGaN/GaN Heterostructure

Subhashis Das, Ankush Bag, Saptarsi Ghosh, Satinder K. Sharma
and Dhrubes Biswas

Abstract The effect of Si3N4 passivation on the acetone sensing performance of
Pd/AlGaN/GaN heterostructure in the temperature range of 100–250 °C has been
studied. AlGaN/GaN heterostructure has been grown epitaxially by Plasma
Assisted Molecular Beam Epitaxy (PA-MBE). Si3N4 passivation layer has been
deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD). The range
of acetone concentration has been taken from 100 to 1000 ppm. A maximum
response of 80% has been recorded at the optimum temperature of 150 °C with
response and recovery time of 14 and 36 s respectively. Inferior sensing perfor-
mance has been shown by the passivated sensor structure.

131.1 Introduction

Environmental pollution due to industries is a roaring problem today. Gases and
chemical waste emitted by industries can cause environmental hazards and severe
health hazards to humans. Acetone, one of the most volatile organic compounds, is
vastly used in chemical laboratories, industries and human consumables. In
industrial areas, higher acetone concentration (>500 ppm) may cause irritation of
respiratory system and eye, mood swings, nausea etc. It also can cause sluggishness
and drowsiness of nervous system if high level of acetone is breathed. So moni-
toring of acetone level is useful for biomedical and environmental study [1].
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Group III-Nitride material system has already been studied for electronic,
optoelectronic and sensor applications [2–5]. AlGaN/GaN heterostructure and
Si3N4 passivated structure have also been studied theoretically for sensing appli-
cation [6, 7]. AlGaN/GaN heterostructure Schottky diode has been employed to
detect acetone concentration efficiently. The inherent high density two dimensional
electron gas in the AlGaN/GaN interface produced due to spontaneous and
piezoelectric polarization is extremely sensitive toward the change in the surface
states because the interface is closely spaced to the surface [8].

131.2 Experimental

The AlGaN/GaN heterostructure has been grown by plasma assisted molecular
beam epitaxy (PA-MBE) on Silicon (111) substrate. A thin AlN nucleation layer of
50 nm has been grown prior to the growth of 1.2 lm GaN buffer with undoped
Al0.3Ga0.7N barrier layer of 25 nm.

A thin Si3N4 layer of 20 nm has been grown by Plasma Enhanced Chemical
Vapor Deposition operated at 200 m Torr pressure and the plasma RF frequency
was maintained at 13.56 MHz.

131.3 Results and Discussions

Figures 131.1 and 131.2 illustrate the transient response characteristics and the
response magnitude, response/recovery behavior of unpassivated Pd/AlGaN/GaN
sensor device at different temperatures for various acetone concentrations. It has
been observed that the baseline recovery is very strong which is useful for long term
stability. The sensitivity, response time and recovery time have been calculated
according to the previous works [9, 10].

80% RM, 14 s response time and 36 s recovery time have been recorded at
150 °C temperature.

Fig. 131.1 Temperature dependent transient response characteristics of the sensor
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Figures 131.3 and 131.4 show the transient response characteristics and sensing
parameters of Si3N4 passivated AlGaN/GaN heterostructure at different tempera-
tures for various concentrations of acetone. The passivated sensor has demonstrated
very trivial performance for the previous range of temperature.

85% response magnitude has been recorded at 350 °C temperature and 500 ppm
of acetone.

Although the response time is 12 s for 300 ppm acetone at 300 °C, better
recovery time of 26 s has been noticed at 350 °C for 100 ppm acetone.

A comparative table (Table 131.1) with proper references has been included to
understand the superiority of this work over other existing techniques.

Due to high sensitivity at sufficiently low temperature, AlGaN/GaN based sensor
is useful for biomedical applications where low detection limit is very much
required.

Fig. 131.2 Temperature and concentration dependent response magnitude, response and recovery
characteristics of the sensor

Fig. 131.3 Temperature dependent transient response characteristics of the passivated sensor
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131.4 Conclusion

Acetone vapor sensing performance of unpassivated Pd/AlGaN/GaN (M-S)
heterostructure and Si3N4 passivated Pd/Si3N4/AlGaN/GaN (M-I-S) heterostructure
have been demonstrated. The unpassivated sensor has shown good performance.
The passivated sensor has demonstrated detrimental performance. Therefore, higher
sensing performance of GaN based materials does not require any passivation due
to their good chemical stability.
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Chapter 132
Simulation of Adsorption of Gas
Molecules on Carbon Nanosensors

Ahsana Sadaf, Himanshu Baria and Neeraj Jain

Abstract Owing to their reduced dimensionality, Carbon Nanotubes and Graphene
make for ideal candidates to be explored in varied fields of Science and
Technology. Our aim was to study the electron transmission properties of CNTs
and Graphene for the sensing application. In this work, we have tried to understand
the phenomenon of adsorption of different gas molecules on single-walled Carbon
Nanotubes (CNTs) and Graphene Nanoribbons (GNRs). We analyzed the resultant
change in the conductance of these nanomaterials in the vicinity of gas molecules
by way of simulating their I–V characteristics. We have focused on sensing of
environmental pollutant NOx and Chemical warfare agent Sarin. The change in
properties of CNTs and GNRs due to the interaction between the gas molecules and
nanomaterials is studied using Density Functional Theory (DFT). This work would
provide us guidance in the development of GNR and CNT based gas sensors.

132.1 Introduction

The recent studies on CNTs and GNRs motivated us to study their numerous
potential applications of these wonderful materials. As the molecules of these
nanomaterials are surface molecules and large availability of adsorption sites makes
them a good sensing devices [1]. NOx(NO/NO2/NO3/N2O5) gas is harmful envi-
ronmental pollution. Sarin is a nerve agent gas which is used in chemical warfare
that may lead to death within minutes. So, we wanted to study the effect of NOx and
Sarin on the electronic properties of nano-materials [2]. Sarin is very harmful nerve
agent and cannot be used in the laboratory for testing purpose, therefore Dimethyl
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Methyl Phosphonate (DMMP), which is a simulant of Sarin, is used for sensing
experiments. In our research work, we have simulated the Energy Band
(EB) Diagram and Density of States (DoS) using DFT method for different chi-
ralities of GNRs and CNTs. The Binding energies of molecules for different ori-
entations are calculated by using DFT methods that gives an idea of the most stable
configuration for different orientations. In this study, we focused on the molecules
viz. Sarin, DMMP and NO2 molecules exposed on (10,0) CNTs and NO2 gas
molecules on (5,0) GNRs. The electron charge transfer between carbon atoms of
CNTs and GNRs is found to be the major mechanism for change in conductance of
GNRs and CNTs upon the exposure of gas molecules [3].

132.2 Computational Methods

This research work is carried out using Atomistix Toolkit-Virtual Nanolab
(ATK-VNL) software [4, 5]. All calculations were done using two methods i.e.
Perdew-Wang’s 91 (PW91) and Perdew, Burke and Ernzerh of (PBE) confined to
Generalized Gradient Approximation (GGA) based DFT, an ab initio method,
implemented in ATK-VNL. Various configurations and rotational geometries were
considered. To find the binding configuration, we calculated the binding energy as a
function of the distance between the molecule and C atoms in the CNT. Similarly,
the binding energies of CNT using other molecules Sarin and DMMP was calcu-
lated to find out the stable configuration. To study DoS and EB Diagram of (5,0)
GNR, k-point was set to 10 � 10 � 1 for Brillouin Zone integration. In our pre-
vious study, we have seen that among the two methods of DFT, GGA and Local
Density Approximation (LDA), LDA shows the over-estimation of binding ener-
gies of molecules with solids. GGA takes into account the local density and also the
spatial arrangement of density which gives more reliable and accurate results [2].
PW91 method fits the GGA theory which we used in our simulations. The mesh
cut-off was chosen as 100 as we know that higher mesh cut-off gives fine real space
grid and very accurate results. To study and investigate the change in electron
transmission properties of (10,0) CNTs and (5,0) GNRs on exposure to gas
molecules in their vicinity, we have simulated I–V characteristics using Extended
Huckle Theory. We simulated GNR and placed one molecule of NO2 at a distance
of 1.42 Å in parallel orientation with GNR. We simulated DoS and other electron
transport properties of GNR-NO2 and analyzed the change in conductance of GNR
with NO2. Also we ran the simulations with increasing number of NO2 molecules in
the vicinity of GNR.
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132.3 Results and Discussion

To understand the behaviour of CNTs and GNRs of different chiralities, we ana-
lyzed EB diagram and DOS of GNRs and CNTs. First we simulated the DoS and
EB diagram of GNRs of different chiralities using DFT GGA-PW91. Next, we
simulated same for CNTs of different chiralities. The DoS of pure (10,0) CNT was
simulated using DFT GGA-PW91 in which the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), was found to be 0.93 eV, which is close to the experimentally estimated
band gap, 0.97 eV. Also, the DOS agrees with the experimental observation of zero
DOS near the Fermi energy, which is a characteristic of semiconducting CNTs.
After simulating EB diagram and DoS of (10,0) CNTs, we wanted to analyze the
Binding Energies of different molecules for different orientations on CNT using
PW91 and PBE methods confined to GGA based DFT method. We carried out
further simulations on the most stable configuration found on the basis of Binding
Energies.

132.3.1 Adsorption of NO2 Over (10,0) CNT

We wanted to study the adsorption of NO2 over (10,0) CNT. For this, we carried
out simulation in different orientations. First we considered nitrite configuration 1 in
which NO2 molecule is bonded to the tube surface with one Oxygen end at a
distance of 3.21 Å from CNT. Then, the nitro configuration 2 is considered in
which Nitrogen end of NO2 is bonded with tube surface at a distance of 2.78 Å. In
configuration 3, NO2 molecule is attached with the tube surface in parallel con-
figuration in which all the atoms of NO2 molecule are attached parallel to the
surface held at a distance of 3.07 Å while in cycloaddition configuration 4, both
Oxygen ends of NO2 are bonded with the surface at a distance of 3.03 Å. We got
nitrite configuration as most stable configuration and carried out further simulations
on the most stable configuration found on the basis of Binding Energies as shown in
Table 132.1.

Table 132.1 Binding energy of NO2 over (10,0) CNT at different orientations

Configuration
No.

Binding energy
(eV)

Distance between molecule and nearest C-atom
of CNT (Å)

PBE PW91

1. −0.32 −0.34 3.21

2. −0.28 −0.30 2.78

3. −0.21 −0.23 3.07

4. −0.16 −0.18 3.03
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132.3.2 Adsorption of DMMP (Dimethyl
Methylphosphonate) Over (10,0) CNT

We have simulated DMMP with central atom (Phosphorous) over (10,0) CNT in
different orientations and distance (Fig. 132.1). In the configuration 1, the central
atom (Phosphorous) of DMMP molecule is attached at the centre of hexagon of
C-atom at a distance of 2.9 Å. While in the configuration 2, the central atom of
DMMP is attached on the top of C-atom at 2.7 Å. In configuration 3, the central
atom of DMMP is attached at the middle of C–C bond at the distance of 2.8 Å.
Binding Energies calculated for these configurations using PW91 and PBE method
is tabulated in Table 132.2. Configuration 1 is found to be most stable on the basis
of binding energy calculations. We optimized this configuration of DMMP mole-
cule by relaxing its atoms but keeping O-atom of DMMP as well as C-atoms of
CNT constrained.

132.3.3 Adsorption of Sarin (C4H10FO2P) Over (10,0) CNT

We simulated Sarin molecule with central atom oxygen over (10,0) CNT in several
configurations with different orientations and distance to calculate the Binding
Energy (Fig. 132.2). In configuration 1, central atom of Sarin molecule is attached
at the middle of C-atom of (10,0) CNT at a distance of 3.2 Å. In configuration 2,
Sarin is bonded at the middle of hexagon of C-atom perpendicular to CNT at a
distance of 3.2 Å. In configuration 3, Sarin is attached at the centre of C-atom lying
along the (10,0) CNT with fluorine towards CNT at a distance of 3.0 Å. In con-
figuration 4, Fluorine atom of Sarin is attached on the top of C-atom lying along
(10,0) CNT at a distance of 2.7 Å. In configuration 5, Sarin is attached on middle of
C–C bond lying along (10,0) CNT at a distance of 2.8 Å. In configuration 6, Sarin
is attached on the top of C-atom lying perpendicular to (10,0)CNT at a distance of
2.8 Å. In configuration 7, Sarin is attached at C-atom of (10,0) CNT lying along
CNT with fluorine towards CNT at a distance of 2.7 Å. In configuration 8, Sarin is
attached at the centre of C-atom lying perpendicular to the direction of (10,0) CNT
with fluorine molecule towards CNT at a distance of 3.1 Å. Binding Energies
calculated for these configurations using PW91 and PBE method is tabulated in

Fig. 132.1 The schematic
diagram of DMMP

884 A. Sadaf et al.



Table 132.3. Configuration 1 is found to be most stable on the basis of binding
energy calculations. We optimized this configuration of Sarin molecule by relaxing
its atoms but keeping O-atom of Sarin as well as C-atoms of CNT constrained.

132.3.4 Adsorption of NO2 Over (5,0) GNR

To study the electronic properties of semi-conducting (5,0) GNR, we simulated I–
V characteristics of (5,0) GNR. Further, to study the effect of adsorption of NO2 on
electronic properties of GNR, we simulated GNR and its I–V characteristics on
which one molecule of NO2 is attached in its vicinity at a distance of 1.42 Å. NO2

is bonded with GNR in parallel orientation in which O-atom of NO2 is attached at
the center of hexagon of C-atom. Then, we increased the concentration of NO2 over
GNR in same orientation and simulated its I–V characteristics. We calculated the
electron transport properties and I–V characteristics at different voltages and ana-
lyzed the change in properties of (5,0) GNR with NO2 and without NO2 as shown
in Table 132.4.

We have observed increase in conductance with increase in biased voltages. The
comparison between I–V characteristics of (5,0) GNR without NO2 and with NO2 is
shown in Fig. 132.3.

Table 132.2 Binding energy of DMMP over (10,0) CNT at different orientations

Configuration
No.

Binding energy
(eV)

Distance between molecule and nearest C-atom of
CNT (Å)

PBE PW91

1. −0.34 −0.36 2.9

2. −0.31 −0.33 2.7

3. −0.30 −0.32 2.8

Fig. 132.2 Schematic
diagram of Sarin
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Table 132.3 Binding energy of sarin over (10,0) CNT at different orientations

Configuration
No.

Binding energy
(eV)

Distance between molecule and nearest C-atom of
CNT (Å)

PW91 PBE

1. −0.30 −0.33 3.2

2. −0.29 −0.31 3.2

3. −0.28 −0.30 3.0

4. −0.26 −0.28 2.7

5. −0.25 −0.27 2.8

6. −0.23 −0.25 2.8

7. −0.22 −0.24 2.7

8. −0.20 −0.22 3.1

Table 132.4 Change in current at different biased voltages of GNR without NO2 and with NO2

Voltage (V) Current (nA)

GNR GNR-NO2 GNR-2NO2 GNR-3NO2

0.6 8064.61 9390.8 38,286.5 38,437.2

0.8 14,285.6 16,848.8 39,875.7 40,006.1

1.0 20,945.1 25,485.0 44,362.4 44,413.7

1.2 29,492.8 36,613.5 50,159.9 50,259.8

1.4 38,402.1 48,980.3 59,430.5 59,279.3

1.6 49,269.3 63,189.6 70,138.8 70,269.5
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Fig. 132.3 I–V characteristics of (5,0) GNR with NO2 and without NO2
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132.4 Conclusion

The electronic properties of GNRs and CNTs of different chiralities were studied.
DFT calculations showed a small gap at Fermi level in DoS as well as EB
Diagram of (5,0) GNR and (10,0) CNT confirming their semi-conducting beha-
viour. Further, the effect of adsorption of different molecules viz. NO2, Sarin and
DMMP in different orientations over (10,0) CNT were simulated and studied. The
Binding Energy calculations helped us in zeroing on the most stable configuration
of the molecule and CNT combine. This can be further used to simulate the sensing
effect. Similarly, the effect of adsorption of NO2 in various configurations on (5,0)
GNR was studied. The I–V characteristics of (5,0) GNR with and without NO2 were
simulated to observe the change in conductance of GNR with number of NO2

molecules in the vicinity of GNR at different biased voltages. These results show
that (10,0) CNT and (5,0) GNR are potential candidates for sensing material and
can be effectively used to make a Nanosensor.
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Chapter 133
A Large Stroke Inverse Series
Connected Electrothermal Bimorph
Micromirror Platform for Optical
Applications

Amit Kumar, Deepak Bansal, Maninder Kaur and Kamaljit Rangra

Abstract This paper presents a large stroke surface micromachined micromirror
platform actuated using inverse-series-connected (ISC) bimorph actuator. The
proposed structure is designed using four symmetric ICS bimorph actuator made up
of Aluminum and Silicon Dioxide and a micromirror plate of sandwiched layer of
SiO2 and Aluminum The platform is capable of producing both piston and tip-tilt
motion by application of voltage to Aluminum layer which acts as a constituent
layer of ICS bimorph and an electrical heater simultaneously. With a mirror plate
size of 500 � 500 µm2, the maximum displacement is 100 µm in piston mode and
69 µm in tip-tilt mode at 0.2 V. The micromirror is capable of scanning with
resonance frequencies at 4.31 and 6.70 kHz in piston and torsional mode
respectively.

133.1 Introduction

Micro-electro-mechanical system based micromirrors have found numerous appli-
cations in projection display [1, 2], multi-object spectroscopy [3], adaptive optics
[2], optical communication switching [4, 5], and optical scanning [6]. Owing to
small size, low power, fast speed and batch fabrication capability compared to
conventional optical switches, MEMS micromirrors have huge market potential.
Among different variants of micromirror, torsional motion is primarily used for
optical projection and scanning applications and piston motion is used for spatial
light modulators and wave front shaping. Another promising application of piston
motion is found in optical coherence tomography (OCT) [7] where high resolution
image is created using Michelson interferometry. An optical delay is generated by
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axial movement of a reference mirror using DC motor. Replacement of this DC
motor operated mirror by piston mode operational micromirror would significantly
reduce interferometer size and much faster imaging would be possible.
Micromirrors are mostly driven by electrostatic actuation because of faster speed
and low power consumption but displacement is limited to few microns only. Large
displacement would require very high actuation voltages. Magnetic actuation can be
used to generate large displacements but integration of magnetic materials in
MEMS structures and actuation by external magnet is a complex process.
Moreover, power dissipation in case of magnetic actuation is also very high. For
large displacement, thermal actuators are mostly preferred. Thermal actuation is
achieved by heating the structure by current, convection or radiation. Electrical
current passing through structure results in Joule’s heating which leads to deflection
of bimorph depending on difference in thermal coefficient of expansion (TCE) of
constituent layers. Power consumption in electrothermal actuator is large and it can
only be used in cases where very high frequency actuation is not required. Low
voltage operation makes it an ideal candidate for large distance actuation.

In this paper, we have proposed a surface micromachined electrothermally
actuated micromirror platform for large displacement actuation. The proposed
micromirror is able of producing both piston and tip-tilt motion. Electrothermal
actuators are made using Inverse-series-connected (ICS) bimorphs of Al and SiO2.
Similar ICS bimorph structures made using Cu/W [8] and Al/Pt/SiO2 [9] have been
reported in literature, however, all of them are fabricated using Silicon-on-Insulator
(SOI) wafers and Deep Reactive Ion Etching (DRIE) which makes the process
complex and costly. The proposed device is fabricated using surface microma-
chining and CMOS processing compatible materials. The proposed micromirror
platform with large actuation length has potential to meet the requirement of axial
scanning in Optical Coherence Tomography systems.

133.2 Device Design and Process Flow

Schematic diagram of proposed design is shown in Fig. 133.1a. The rectangular
mirror plate of dimension 500 � 500 µm2 is supported by free ends of four
bimorph actuators whose other ends are rigidly attached to substrate. Dimension of
different segments and 3D model of device structure are shown in Fig. 133.1b, c
respectively. The bimorph actuator is composed of Inverse-series-connected seg-
ments of Al and SiO2 with Al working as embedded heater. ICS actuator effectively
cancels the tangential tip and lateral shift resulting in enhanced upward movement
of mirror plate. The inverted (INV) and non-inverted (N-INV) segments of SiO2 are
symmetric and overlapping of segments gives additional robustness to device
structure as shown in Fig. 133.1d. Thickness of bottom oxide, Al, and top dioxide
is taken as 0.5, 1.5 and 0.5 µm respectively. Since TCE value of Al is greater than
that of SiO2, the actuator bends upward in N-INV segment region and bends
downward in INV segment region on heating. Actuators can be controlled
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simultaneously, individually or in combination to achieve piston or tip-tilt motion.
Current in bimorph actuator results in Joule’s heating and heat is diffused to dif-
ferent layers of actuator. Micromirror plate is electrically isolated from actuators but
heat gets dissipated in plate too due to thermal conduction via SiO2 layer.

The detailed process flow of micromirror fabrication is shown in Fig. 133.2. The
process begins with a 350 µm thick Silicon wafer deposited with a metal sacrificial
layer (preferably Cu) and patterning. A 0.5 µm thick SiO2 is deposited by PECVD.
After SiO2 patterning, Lift-off photoresist is deposited and patterned followed by
deposition of 1.5 µm thick Al layer by sputtering and 0.5 µm SiO2 by PECVD.
Both layers are patterned using Lift-off. The structure is finally released by removal
of Cu sacrificial layer by wet processing.

Fig. 133.1 a Schematic diagram of proposed device, b top view of device structure and
dimension, c 3D model of proposed device, d inverse series connected bimorph ladder
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133.3 Simulation Results

Finite element simulation of the micromirror platform is done using Coventorware.
For optical scanning applications, micromirrors are required to operate at resonance
frequencies. Modal analysis of micromirror is performed to find different resonant
modes and the results are shown in Fig. 133.3. As shown in figure primary resonant
mode of micromirror is piston mode at 4.31 kHz and 1st and 2nd harmonics as
tip-tilt modes at 6.70 and 6.75 kHz respectively.

Fig. 133.2 Proposed process flow of micromirror fabrication

Fig. 133.3 Nodal resonance frequency of micromirror
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As Silicon is an excellent conductor of heat, actuator surfaces in contact with
Silicon substrate are kept at a 27 °C. This is a good approximation of room tem-
perature boundary condition for electrothermal analysis. Deflection of the
micromirror plate is analyzed by applying potential across actuator terminals. For

Fig. 133.4 a Deflection of single bimorph ladder design at 0.2 V, b deflection of double bimorph
ladder design at 0.2 V, c displacement of micromirror versus voltage, d temperature distribution of
micromirror versus voltage, e current distribution across micromirror structure, f stress distribution
across micromirror
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single ladder actuator design, maximum piston mode deflection is 59 µm at 0.2 V
which increases to 100 µm for double ladder actuator design as shown in
Fig. 133.4a, b respectively. Tip-tilt deflection of 67 µm is obtained when 0.2 V is
applied across one actuator only. Parametric analysis is performed on double ladder
actuator design by applying a sweeping voltage across all bimorph actuator ter-
minals for piston mode and across one actuator for tip-tilt mode. Variation in
displacement and temperature of micromirror with voltage is shown in Fig. 133.4c,
d respectively. Figure 133.4e, f shows current and stress distribution across
micromirror device at 0.2 V. Maximum achievable piston mode deflection is
100 µm for double ladder design within the safe temperature limit of 400 °C.

133.4 Conclusion

A large stroke micromirror design based inverse series connected bimorph actuator
is proposed in which electrothermal actuation is used for piston and tip-tilt motion
of micromirror. Based on the simulation results, micromirror design is optimized
for piston mode stroke length of 100 µm at an actuation voltage of 0.2 V.
A fabrication approach based on surface micromachining is also proposed for
device fabrication. The proposed micromirror platform can be used for axial
scanning in Optical Coherence Tomography (OCT) applications to replace motor
controlled mirror movement and in wavefront shaping.
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Chapter 134
AlGaN/GaN HEMT Based pH Sensor

N. Sharma, S. Dhakad, K. Singh, N. Chaturvedi, A. Chauhan,
C. Periasamy and N. Chaturvedi

Abstract The sensitivity of GaN HEMTs upon exposure of the gate area to
phosphate buffer solution (PBS) has been explored. Output drain characteristic of
the device reveals that the drain current decreases linearly with pH values. Higher
pH contains less H+ concentration and which is tends to lower the drain current.
A high sensitivity of 4.32 µA/mm-pH at Vds = +1 V is obtained.

134.1 Introduction

AlGaN/GaN high-electron-mobility-transistor (HEMT) have been extremely useful
for liquid sensor (pH sensor, salinity sensor), gas sensor and as a biosensor because
of its remarkable properties like chemical stability, low toxicity, and superior
conductivity owing to the high saturation velocity and high sheet carrier concen-
tration of the two-dimensional electron gas (2DEG) layer in a AlGaN/GaN
heterostructure [1]. Furthermore, pH sensors fabricated from the GaN material are
mainly of great importance in chemical and biological experiments in space
applications.

In this paper, we are reporting on the development of GaN HEMTs based pH
sensor.
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134.2 Aim of the Study

Main aim of the study is to experimentally check and evaluate the performance of
GaN based pH sensor. Various pH solutions were checked to validate and verify the
technology.

134.3 Methods

The AlGaN/GaN HEMTs structure consisted of 2 nm AlN nucleation layer, fol-
lowed by a 2.3 lm thick unintentionally doped GaN buffer layer, and finally fol-
lowed by a 25 nm thick n-type Al0.25Ga0.75N layer. Source and drain ohmic
contacts were obtained by e-beam metallization of Ti/Al/Ni/Au stack. Multi-energy
ion implantation processes were used for the device isolation. Ni-based Schottky
contacts with Au as a top layer were used for gate contact. Devices were inter-
connected using Ti/Au. Hard mask was used to encapsulate the source/drain regions
except the opening for bias. Channel area was kept open to allow the liquid
solutions of different pH to pass and react with the channel surface as shown in
Fig. 134.1a.

134.4 Results

In order to investigate the drain current response of H+ concentration, PBS with pH
4, pH 7 and pH 10 were used in the channel area. The output drain current in
Fig. 134.1b showed the higher pH solutions which contained less H+ concentration

Fig. 134.1 a Image of fabricated device WG = 125 µm, LG = 1 µm, source-drain length
(LSD = 50 µm). b Drain current versus pH measured at VDS = +1 V
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resulted lower current. This phenomenon can be explained by using site-binding
model [2].

MOH $ MO� þHþ ð134:1Þ

MOHþHþ $ MOHþ
2 ð134:2Þ

It was accounted that amphoteric hydroxyl groups (MOH: M may represents Ga)
are formed at the oxide surface in contact with aqueous solutions. The amphoteric
hydroxyl groups may be neutral, protonized or deprotonized, depending on the H+

concentration. Increase in H+ concentration on the surface resulted more positively
charged ions because of MO2

+ formation, and 2DEG concentration increased in
order to compensate the induced positive charge in the surface. The reverse phe-
nomenon occurred by decreasing H+ concentration.

134.5 Conclusion

The sensitivity of GaN HEMTs upon exposure of the gate area to phosphate buffer
solution (PBS) was explored. Output drain characteristic of the device revealed that
the drain current decreased linearly with pH values. Higher pH contained less H+

concentration which tends to lower the drain current. A high sensitivity of 4.32 µA/
mm-pH at Vds = +1 V was recorded.
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Chapter 135
Low Cost Foam Based Vibration Sensor
for Condition Based Monitoring

Reshma Ajith, Amit Tewari, Dipti Gupta and Siddharth Tallur

Abstract Ubiquitous vibration sensing for Condition based Monitoring (CbM) can
enable cost savings on machine life and maintenance. Conventional vibration
sensors cost upwards of tens and hundreds of dollars, limiting the scale of their
deployment. In this work, we present a cheap foam-based vibration sensor, with
50 Hz bandwidth and capable of distinguishing machine operating conditions.

135.1 Introduction

All machines with moving parts have specific vibration signatures related to the
construction and operating condition. These vibration signatures can be used to
detect incipient defects in machines before they become critical. While major assets
can justify special attention, many other instruments cannot bear the recurring cost
of continuous vibration monitoring, with conventional sensors that can cost
upwards of tens and hundreds of dollars (Table 135.1).

For ubiquitous vibration sensing, it is desirable to develop sub-$1 sensors,
without significantly compromising performance. Here we present an extremely
low cost vibration sensor and demonstrate classification of different machine
vibration signals.
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135.2 Fabrication of Piezo-Resistive Strain Sensor

Commercially available polyurethane (PU) foam was used as the base material. The
foam is cleaned, dried and dipped in carbon nano-material based ink to coat the
pores of the foam with the conductive particles. Indium titanium oxide coated
polyethylene teraphalate (PET) sheet was glued on top and bottom faces using
silver paste for electrical leads. The piezoresistive sensitivity is characterized using
Keysight B2902A (Fig. 135.1). The sensor is nonlinear and has maximum sensi-
tivity when it is loaded with DC strain >80% due to large pore size.

135.3 Experiment

The piezo-resistance is measured with an ArduinoUno potential divider circuit and
a Philips BT50B speaker is used as the shaker table. The sensor is taped down to
obtain large stress for high sensitivity (Fig. 135.2). The resistance was recorded
with a sampling period of 5 ms for AccuTrak audio Samples. Figure 135.3 shows

Table 135.1 Survey of popular MEMS and piezoelectric vibration sensors

Model Manufacturer Unit price ($) Bandwidth
(Hz)

Noise density
(lg/√Hz)

ADXL1001/
1002

Analog
devices

*50 22 K 30

MS 9000 series Colibrys >100 0 to � 100 18

SCA3000-DO1 VTI >100 50 5

731-207 Wilcoxon 435 1.3 K 2

Fig. 135.1 Conductivity
response for PU foam sensor
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clear distinction of good and bad gearbox recordings. The sensor bandwidth is
obtained by playing white noise profile on the speaker, and is measured to be 50 Hz
(Fig. 135.4). Future work will involve optimizing the sensor material for improving
the bandwidth and sensitivity.

Fig. 135.2 a Circuit schematic, b experimental setup

Fig. 135.3 Comparison of sensor response to audio files for good and bad gearbox recordings in
a time and b frequency domain (fast fourier transform—FFT)
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Chapter 136
Influence of Humidity on the NO2
Sensing Properties of SrCo0.1Ti0.9O3

Neha Sarin, Sachin Kumar, Ivan P. Parkin and Vandna Luthra

Abstract Strontium Cobalt Titanate (SCT) was synthesized via solid state route.
Phase formation was analyzed using X-ray diffraction (XRD) technique. Resistive
sensors were made using screen printing technique and corresponding sensing
properties were investigated in dry as well as humid environment (RH 50%).
Experimental results demonstrated that sensors displayed least humidity interfer-
ence at 400 °C. The operating temperature of the sensor was optimized for best
responsiveness. These type of sensors can be effectively used in environmental
monitoring of NO2 gas at low ppm.

136.1 Introduction

Nitrogen oxides emissions are responsible for pulmonary disease and even damages
to the human immunity system. Nitrogen oxides (NOx) are produced by petrol and
diesel burning engines is a poisonous, odorless, colorless gas. Once mixed with air
it quickly combines to form NO2 which is highly toxic gas, pungent smelling gas
and a major component of outdoor pollution [1]. Nitrogen dioxide is toxic on
inhalation; it can be easily identified by smell. However, one complex feature of
this is that exposure to the gas at low concentration anaesthetizes the nose causing
the likelihood that increased concentrations in an environment may go undetected,
creating potential health risks. The main risks of nitrogen dioxide are their effect on
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the lungs. People with bronchitis or asthma are predominantly sensitive to the gas,
and lungs may become inflamed, leading to breathing difficulties. According to
international air quality standards, long-term exposure to low concentration of NO2

is harmful. The need for air quality control demands a sensor selective to NOx as
well as with ability to detect at low concentrations.

Humidity poses a great challenge in the metal oxide based gas sensors. In
numerous cases, increase of humidity in the atmosphere to a great extent impedes
the response of sensor [2]. Humidity is a common cross-contaminant that can vary
widely in concentration with changes in ambient conditions. The effects of humidity
on NO2 detection need quantification and must be kept under control.

A variety of n-type materials have investigated for gas sensing measurements in
contrast to p-type materials that offer advantage over n-type materials like reduced
cross sensitivity, lower humidity interference, promote selective oxidation of
volatile organic compounds [3]. The distinctive oxygen adsorption of p-type
materials maybe used to design high-performance gas sensors that show low
humidity dependence and rapid recovery kinetics [4, 5].

Moreover, a wide variety of materials have been studied and used as sensing
elements for NO2 detection [6]. Among them, ABO3 type perovskite has received
considerable attention due to admirable gas sensitivity, tolerance towards higher
doping levels and stability over a wide temperature range [7, 8]. This doping
flexibility allows control of various properties such as sensitivity and selectivity.
Strontium Titanate (SrTiO3) is an n-type perovskite which in its pure state has
rather low conductivity. However, its conductivity can be enhanced by acceptor
doping at Ti-site. Also acceptor doping of trivalent ions on the quadrivalent ions
induce p-type conduction [9]. In the present report, SrCo0.1Ti0.9O3 was prepared by
solid state route. Its NO2 sensing properties has been tested in dry as well as humid
environments at various operating temperatures.

136.2 Experimental

SrCo0.1Ti0.9O3 was prepared using solid state reaction method. The powder was
then calcined at 1100 °C for 3 h. The phase formation was investigated via X-ray
diffractometer (Bruker, D8 advanced diffractometer, Germany) using CuKa (k =
1.541 Å) radiation, where the patterns were collected over a range of 10°–80° with
a scan rate of 2°/min.

The sensor was fabricated onto 3 � 3 mm2 alumina substrates containing laser
etched interdigitated gold electrodes for resistance measurements on the upper layer
with electrode gap *0.15 mm. A platinum heater track housed at the bottom of the
tile was used to achieve the desired temperature. (Courtesy: City Technology). Ink
for screen printing was prepared by mixing the powder with organic vehicle
(ESL-400, Agmet Ltd.) and grinding in a mortar and pestle till a homogeneous
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suspension was obtained. Resulting ink was then screen printed using DEK1202
screen printer. After each print, the layer was dried under an infra-red lamp for
20 min. A total of 5 layers were deposited. Afterward, sensor was fired at 600 °C
for an hour in an Elite Thermal Systems BRF15 furnace to evaporate the organic
vehicle The sensors were then bound onto the brass pins in standard polysulphide
housing.

The sensor were investigated in both dry air as well as 50% RH with NO2 as test
gas at 350, 400 and 500 °C as operating temperatures.

136.3 Result and Discussion

XRD pattern is indicative of the crystalline nature (Fig. 136.1). The samples in
perovskite phase with cubic structure were indexed to JCPDS card #86-0177 and no
additional peaks were observed indicating Co has is dissolved in the structure and
no secondary phase is detected.

The sensitivity of sensors is measured as a function of their baseline resistance in
air (Ro). For reducing gases, the response is Ro/Rg, where Rg is the resistance of
the sensor during the test gas pulse. For oxidising gases, the response is the
reciprocal of response in reducing gas (Rg/Ro). Figure 136.2. shows the gas
sensing response of Co-doped SrTiO3 to NO2 at 400 °C at 50 ppm. Sensor
demonstrated a maximum sensing response of 2.93 at an operating temperature of
400 °C whereas in presence of humidity it displayed a response 2.6. It can be
observed from Fig. 136.3, that the response increases with increase in concentration
which may be due to larger availability of test gas in the atmosphere surrounding

Fig. 136.1 The X-ray
diffraction pattern of
SrCo0.1T0.9O3
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the sensor. However, it is noticeable from Fig. 136.3 that gas response in dry air at
various concentrations is only slightly larger than response in humid air. The
response to NO2 at temperature 400 °C is seen to be higher than the response
observed at 500 °C, however, the resistance of the sensors was very high at 350 °C
(Table 136.1). Moreover, least humidity inference is observed for sensor at 400 °C.
The sensor demonstrated promising gas sensing response and*7 to 9% (within the
limits of error) diminished response in humid environment as compared to dry air
towards NO2 at 400 °C at 50 ppm (Fig. 136.2).

Fig. 136.2 Gas sensing
response of SrCo0.1T0.9O3 in
dry air and 50% RH (5–
50 ppm)

Fig. 136.3 Response of pure
and doped samples at
concentrations between 5 and
50 ppm to a 600 s exposure
to ethanol gas at 400 °C
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136.3.1 Gas Sensing Mechanism

Semi-conducting metal oxides exhibit a change in conductivity due to adsorption or
desorption of gas molecules. This change in the conductivity helps us to get
information about the gas response signal [10, 11]. Oxygen species are adsorbed
onto the surface, forming OðadsÞ� species and remove electrons from the bulk of the
material, this leads to the formation of a depletion region. In the presence of a test
gas, oxygen is removed from the surface, reintroducing trapped electrons into the
material, decreasing the size of the depletion region and increasing the conductivity.
For an n-type material resistance increases due to electron capture in presence of
oxidizing gas whereas for p-type material resistance decreases. The decrease in
resistance of p-type material upon exposure to oxidizing gases can be explained by
the increase of hole concentration in the shell layer due to the ionosorption of
oxidizing gas.

The study of sensors in a humid environment is imperative, to test their relia-
bility in actual atmospheric conditions. In wet atmosphere, ratio of water molecules
to active sites (metal in metal oxide) decides the adsorption mechanism.
Chemisorption mechanism is followed at low humidity level while physisorption is
observed at higher levels of humidity. The increase in conductivity with increasing
RH is mainly due to the increase of the charge carriers upon adsorption of water/gas
vapors by the surface layer. The adsorbed water molecules get ionized on the
surface and the hydronium (H3O

+) ions are produced by the assistance of high
electric charge density in the neighborhood of the hydroxyl (OH−) sites resulting in
enhancement of conduction to the adjacent sites. Thus, maintaining the gas sensing
response in presence of humidity without substantial drop in parallel to the gas
sensing response in dry air. Water-related conduction in ceramic and porous
materials is known to mainly occur as a surface mechanism [12, 13]. A study of the
variation of operating temperature on gas sensitivity in dry air and 50% RH in the
present work shows least humidity interference and maximum sensitivity at 400 °C
which is in agreement with the effects observed in other systems [14]. Such studies
can be exploited for various applications.

Table 136.1 Sensor response at various temperatures to NO2 at 50 ppm in dry air as well as 50%
RH

S. No Temperature (°C) Response—dry air Response—50% RH Humidity interference

1. 350 High resistance High resistance –

2. 400 2.93 2.6 7–9%

3. 500 2.1 1.81 15–17%
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136.4 Conclusion

Co-doped SrTiO3 was synthesized, characterized and used to fabricate gas sensor.
Sensor demonstrated a noticeable increase in responsiveness to NO2 at 400 °C in
comparision to other operating temperatures. Furthermore, the response at humid
conditions was 7–9% lesser than observed in dry air. Consequently, these types of
sensors can be effectively used in environmental monitoring of low ppm of NO2 gas
in dry as well as humid environment due to ease of production and low synthesis
cost of materials.
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Chapter 137
Design and Simulation of Push–Pull
Capacitive Accelerometer Structure
for Navigation Applications

Shaveta Rajial, Nidhi Gupta, Ramjay Pa and Kapil Kumar Jain

Abstract This paper presents the design of capacitive accelerometer in ±10g range
suitable for navigational applications. Push pull structure has been chosen and
design has been carried out using SOI wafer. Modal studies has been carried out.
Simulation results have been presented. The structure exhibits a sensitivity of
33.6 mV/g along with non linearity of 0.0015%. The 3 dB bandwidth of the
accelerometer structure is found to be *235 Hz.

137.1 Introduction

High sensitivity, low noise MEMS accelerometers are in great demand in inertial
guidance, geophysical sensing and space micro gravity measurements [1, 2]. Out of
different sensing mechanisms most accelerometers are based on capacitive sensing
mechanism because of structural simplicity, good dc response, linear output, low
temperature sensitivity and low power consumption etc.

The capacitive accelerometer can be designed based on either change in gap or
change in area approach. Among the duo, the change in gap approach is simpler to
fabricate compared to the change in area approach, but it can yield the problem of
non-linearity due to the inverse relationship between capacitance and electrode
gap. This problem can be taken care by the push–pull design. Push pull approach
have inherent advantage of increased sensitivity, improved linearity, low bias drift
and cancelling of undesirable variations due to temperature and humidity etc. [1].
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137.2 Design and Simulation

In push–pull structure, there are three vertically stacked electrodes (forming two
capacitors) as shown in Fig. 137.1a, b. The centre wafer defines the proof mass
supported by double beams which makes structure less sensitive to vibration in
either x or y axis. Upper and lower wafer forms external fixed electrodes of the
sensor. So if gap between centre mass and electrodes changes due to acceleration,
capacitance will change. When the proof mass move towards any one electrode, its
capacitance value increases while the capacitance in the opposite electrode
decreases and vice versa. This configuration provides increased sensitivity,
improved linearity and low bias drift which are essential for navigational applica-
tions [1, 3]. The capacitance can be measured by a suitable electronic circuit.

In this paper, the design and simulation of ±10g differential accelerometer based
on SOI wafer technology is presented. The accelerometer structure is simulated by
using Coventorware 10.0 software. The structural parameters taken are given in
Table 137.1. Simulation studies has been carried out for gap variation, damping and
modal analysis.

(a) isometric view

(b) Top of proof mass

beam length 
Mass length beam width (wb)

Centre of Mass from clamped end (L)
Mass length (Lm)

Centre proof mass

Bottom wafer with 
electrode

Top wafer with 
electrode

Fig. 137.1 Schematic of
accelerometer

Table 137.1 . Structure parameters

Mass length � width 1000 � 1000 µm

Device thickness 30 µm

Beam length 1000 µm

Beam width 60 µm

Gap between plates 3 µm
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137.3 Results and Discussions

Figure 137.2 shows the first three modal patterns of the accelerometer structure.
Resonant frequency of first three modes of the accelerometer structure are found to
be 3.75 kHz (1st mode), 21.27 kHz (2nd mode) and 26.99 kHz (3rd mode). The
proposed structure exhibited a sensitivity of 33.6 mV/g over ±10g with non lin-
earity of 0.0015% (full scale) as shown in Fig. 137.3. Cross axis sensitivity of the
accelerometer structure is found to be 0.009%. Figure 137.4 shows the Von misses
stress contours at 10g acceleration (z direction). Here Maximum bending stress
(0.58 MPa) occurs adjacent to the beams joining at the anchor. Dynamic behaviour
of the accelerometer is shown in Fig. 137.5, which is much less than the UTS value
of silicon which is 7000 MPa. The 3 dB bandwidth estimated from the simulation
results are found to be *235 Hz.

Fig. 137.2 Modal shapes of the accelerometer structure a first mode: f1 = 3.75 kHz, b second
mode: f2 = 21.27 kHz, c third mode: f3 = 26.99 kHz
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Fig. 137.3 Simulated delta C
versus acceleration plot
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137.4 Conclusion

MEMS capacitive accelerometers are one of the most important components of the
modern day inertial navigation system. This paper presented the design and sim-
ulation results of the push–pull capacitive accelerometer structure for navigational
application (±10g). The structure showed a sensitivity of 33.6 mV/g over along
with non linearity of 0.0015%. The 3 dB bandwidth of the accelerometer structure
is found to be *235 Hz.

Fig. 137.4 Von Mises stress
distribution at 10g

Fig. 137.5 Dynamic
response of accelerometer
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Chapter 138
Deposition and Optimization
of Zinc Oxide Thin Film Using Its
Nano-colloidal Solution for Various
Sensing Applications

Ashish Kumar, R. P. Yadav, Vijay Janyani and Mahanth Prasad

Abstract This paper reports the morphology, electrical and optical characteriza-
tions of zinc oxide (ZnO) thin films deposited using its nano-colloidal solution by
sol-gel technique for various applications such as Acoustic Sensor, FBAR and Gas
Acoustic Sensor. The morphological study of deposited film was investigated using
Atomic Force Microscopy (AFM). However, the electrical properties of deposited
thin film were examined using I–V and C–V characteristics by making a capacitor
on a silicon substrate. Also, the optical property such as photoluminescence (PL) of
deposited film was measured.

138.1 Introduction

Now a days, ZnO is a potential candidate for a variety of Nano electronics devices
applications such as gas sensors, photodetectors, light emitting diodes, antireflec-
tion coatings, surface acoustic wave, bulk acoustic wave and solar cells etc. [1–4].
The electrical properties change drastically as density, and spatial size of the
nanoparticle is decreased [5, 6]. The solution-based ZnO coating process is
attracting due to its simplicity, Low-temperature sintering capability,
cost-effectiveness, flexibility, and the ability to produce high-quality coatings with a
wide range of easily controlled thicknesses. In the present approach deposition and
optimization of ZnO film using its Nanoparticles colloidal solution was carried out
which can be used for different sensing applications.
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138.2 Experimental Details

Nanoparticles colloidal solution of ZnO with 20% weight in aqueous solution
procured from Sigma Aldrich. The solution has average particle size of less than
100 nm. The dispersed solution was further agitated with ultra-sonic for 2 h. The
deposition of ZnO thin films was carried out on p-type Si (100) substrate deposited
with Al using sputtering technique. The deposited samples were annealed for half
hour at 350 °C in a vacuum in order to form a continuous film. Optical image of
deposited sample has been shown in Fig. 138.1.

138.3 Results and Discussion

The Morphological study of the ZnO thin film was examined using AFM images
and shown in Fig. 138.2a. It was observed that the surface of the deposited film is
uniform and smooth. I–V characteristic of the structure is shown in Fig. 138.2b. The
deposited layer is continuous and acts as a dielectric layer, which is useful various
sensing application. The PL spectrum of the deposited film is shown in Fig. 138.2c.
It is observed that the PL intensity is maximum around 395 nm. Figure 138.2d
illustrates the variation of capacitance with voltage at different frequencies.

Fig. 138.1 Optical image of the fabricated ZnO thin film
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Fig. 138.2 a AFM image of
the fabricated ZnO thin film,
b PL spectra of fabricated
ZnO film, c current versus
voltage plot of fabricated ZnO
thin film and d capacitance
versus voltage at different
frequency of the fabricated
ZnO film
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138.4 Conclusion

The deposition and optimization ZnO thin film using its nano-colloidal solution by
sol-gel technique was carried for various sensing applications. The characterization
of the fabricated structure has been carried out using AFM, PL, I–V and C–V
measurements. It is concluded that deposited film is uniform and frequency
dependent in nature and applicable for various sensing applications.
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Chapter 139
Sensing of Dibutyl Sulfide Using
Carboxylic Acid Functionalized Single
Walled Nanotubes

Deepak Kumar, Pika Jha, Abhilasha Chouksey and J. S. Rawat

Abstract Functionalization group enhanced the response, sensitivity and repeata-
bility of the gas sensor towards target analyte. In this paper we are reporting,
fabrication of carboxylic acid functionalized single walled nanotubes
(SWCNT-COOH) based gas sensor for sensing of Dibutyl Sulfide (DBS) a simulant
of sulfur mustards. These gas sensors are fabricated by vacuum filtration method on
flexible membrane. These fabricated gas sensor films are characterized by using
SEM and Raman spectroscopy. It is observed that, CNTs are randomly distributed
on the gas sensor surface. The Id/Ig ratio is 0.049, which indicates defect present on
the gas sensor surface due to functionalization. These gas sensors are exposed to
3.36 ppm of DBS generated by permeation tube. The gas sensor gives repeatable
response over five exposed cycles for 3.36 ppm of DBS. The detection limit of the
gas sensor is <21 ppb of DBS.

139.1 Introduction

Sulfur mustard (SM) is a most terrible chemical warfare agent which is used in
many wares because of its low volatility and slow rate of decomposition [1, 2]. It
remains stable for long time in environment due to low solubility. Therefore, it is
important to detect SM due to its enormously hazardous nature. Different type of
gas sensor has been developed to detect SM, but main drawback of these sensors is
costly, bulky and high power consumption. The Dibutyle sulfide is a simulate of
SM, which is used for sensing at laboratory. Single wall nanotube based gas sensors
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are highly sensitive, fast response, environmentally stable due to their unique
structure and chemical properties [3–9]. The response and selectivity of the sensor
can be enhanced by functionalizing the sensor with a functional group which
interacts with the target gas [10, 11].

To the best of our knowledge, we are reporting first time sensing of Dibutyl
Sulfide by using carboxylic acid functionalized single walled nanotubes based
flexible chemical sensor at room temperature. The fabricated sensor is highly
sensitive and repeatable at room temperature.

139.2 Experimental Method

The gas sensor was fabricated by vacuum filtration method SWNT-COOH (0.5 mg)
was dispersed in 50% solution of DMF and this suspension was ultrasonicated for
3 h. This prepared suspension then filtered through the flexible polycarbonate
membrane of 0.5 µm pore size. A small piece of the prepared film was mounted on
the transistor outline header (TO header) and bounded to TO header legs by manual
wire bounding. These fabricated sensors were further used for chemical sensing.
The surface and structural morphology of these sensors were studied by using
FESEM (Ziess Supra 55) and Raman spectroscopy (800SE HORIBA Scientific),
respectively. For gas sensing study, these gas sensors were exposed to vapors of
analyte by using chemical sensing setup as discussed in paper. The change in
resistance of sensor is measured with fluke 289 digital multimeter.

139.3 Results and Discussion

The surface morphology of sensor is study by SEM is shown in Fig. 139.1. The
nanotubes are randomly distributed on gas sensor surface in bundle form and
diameter of these bundles is in the range 10–50 nm. The Raman spectrum of the
prepared film is shown in Fig. 139.2. The radial breathing mode (RBM) peak of the
film lies in range 120–303 CM−1 confirms the presence of SWNTs. The G and G′
peaks of functionalized sensor lies at 1590, 2690 cm−1, respectively [9, 11, 12]. The
Id/Ig ratio is 0.049, which may be due to presence of defect on the nanotubes [9, 12].

The sensor is kept under N2 flow to make stable base line, after making stable
baseline fabricated sensor is exposed to vapors of Dibutyl Sulfide by using per
permeation tube. The N2 is used as carrier and diluting gas. The gas sensor is
exposed to analyte for 5 min and next cycle is exposed after 5 min recovery in
presence of N2. The gas sensor gives response of *0.046% to 3.36 ppm of DBS.
The change in resistance and response of the gas sensor against exposed analyte
3.36 ppm is shown in Fig. 139.3a, b. The change in resistance is caused by charge
transfer between DBS and COOH– group of the sensor [13]. Repeatable response
and recovery over five cycles is obtained, though there is a drift in baseline.
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Fig. 139.1 SEM image of the fabricated SWNT-COOH film

Fig. 139.2 Raman spectrum of the fabricated SWNT-COOH film

Fig. 139.3 a Change in resistance and b change in response of the gas sensor with respect to time
for five cycles of DBS (3.36 ppm)
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139.4 Conclusion

The flexible SWNT-COOH sensor is fabricated by vacuum filtration method. The
nanotubes are in bundle form and uniformly distributed in the gas sensor surface.
The sensor is able to detect the target chemical at room temperature and gives
response of *0.046% to 3.36 ppm of DBS. The sensor gives repeatable response
and having detection limit <21 ppb of DBS.
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Chapter 140
Development of Silicon Based
Microchannel for Gas Chromatograph
Column

Renuka Saxena, S. S. Lamba, Vinita Gond, M. Islam, Jitendra Kumar
and Kapil Kumar Jain

Abstract The current study develop a MEMS–based micro-GC system incorpo-
rating a serpentine column with dimensions of 2 m � 200 µ � 115 µ (length �
width � depth). The channel is etched into a silicon substrate with dimensions
28 � 28 mm2 using wet etching. The device is sealed by anodic bonding technique
using Pyrex glass wafer. This fabrication method raises the possibility for a low cost
mass production.

140.1 Introduction

Gas Chromatography is a technique used to separate different components of
gaseous mixtures, that includes environmental analysis, homeland security and
pollution monitoring [1, 2]. As the act of terrorism have become a matter of
significant concern, hence rapid separation of chemical war agent and identification
of lethal gas in public space has become most important.

Silicon based microfabricated column are suitable for application in hand held
GC column. Using the MEMS process, the column structure with different aspect
ratio can be achieved, hence provide more flexibility for research in this field. The
micro-GC column developed in this study comprises of serpentine column with
dimensions of 2 m � 200 µ � 115 µ (length � width � depth), and inlet/outlet
port of 1 mm2. A closed channel is produced by anodically bonding a Pyrex glass
wafer.
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140.2 Theoretical Consideration

The key parameters normally used to describe the separation performance of µGC
columns are average carrier velocity (U), theoretical plate height (HETP) and their
number (N).

(a) The average linear mobile gas velocity is given as

U ¼ w2 � Po P2 � 1ð Þ
24� l� L

� F2 ð140:1Þ

where Po is the outlet pressure, P is the ratio of inlet and outlet pressure, L is the
column length, F2 compressibility factor and µ the carrier gas viscosity.

(b) Height equivalent to a theoretical plate (HETP):

The efficiency of GC column is expressed by (HETP). It is defined as the length
of a column in which a solute molecule equilibrates between stationary and mobile
phase. For rectangular channel H is given by:

H ¼ 2Dg � F1F2

U
þ 1þ 9kþ 25:5k2ð Þ

105 kþ 1ð Þ2 � w2UF1

DgF2
þ 2k wþ hð Þ2d2FU

3 kþ 1ð Þ2�Dsh2
ð140:2Þ

where, dF is the thickness of the stationary phase, Dg and Ds are the binary diffusion
coefficients in the mobile and stationary phases, respectively, w and h are the
channel width and height, respectively, k is the retention factor and F1 andF2 are
the Giddings-Golay and Martin–James gas compression coefficients, respectively.

(c) Number of theoretical Plates (N): The resolving power of the column mainly
depend upon number theoretical Plates N, calculated as

N ¼ L
H

ð140:3Þ

140.3 Column Fabrication

Fabrication process used to accomplish MEMS based micro-GC column com-
menced by depositing a low stress Si3N4 layer on 〈100〉 oriented p-type silicon
wafer. Resist (S1818) of thickness 2l is spun coated, exposed and developed. It is
subsequently followed by etching of silicon nitride from the exposed region. The
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channel and the inlet/outlet port is patterned in silicon wafer by using KOH etching
agent (40 wt%, 60 °C). Finally, the etched channels is bonded by Pyrex glass wafer
(Fig. 140.1).

140.3.1 Column Testing

Experiment is designed to test the micro-GCcolumn. Figure 140.2a–c presents the
bonded channel with Pyrex glass, column with fluidic connectors, and experimental
set up. Nitrogen gas is passed through the channel, no leakage is seen while the
pressure across the channel is increased up to 1 bar. The column is kept isother-
mally at room temperature during the experiment in this study.

(a) (b) (c)

Fig. 140.1 a Serpentine channel b developed channel c SEM of etched channel

(a) (b) (c)

Fig. 140.2 a Channel bonded b column with c experimental setup with pyrex
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140.4 Result and Discussion

A systematic investigation of micro-GC column is conducted. The nitrogen gas is
passes through the channel at various pressure. The flow rate of 2.5 cc/min has been
achieved. Summary of measured and calculated column parameters are given in
Table 140.1

140.5 Conclusion and Future Work

In this paper, we reported the fabrication of MEMS-based serpentine channel for
the chromatograph column. Future work will be directed for study of coating of
polar and non polar polymer using static and dynamic method, and detection of
CWA agents using SAW sensor.

Acknowledgements The authors would like to thanks The Director SSPL for giving opportunity
to work in this area.
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Table 140.1 Parameters of
fabricated micro-GC column

Parameters Value

Column length � width � depth 2 m � 200 l � 115 l

Pressure across channel 1 bar

Average carrier velocity 113 cm/s

Volumetric flow rate 2.5 cc/min

HETP 0.035/cm

N 5605
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Chapter 141
Textured Silicon Surface and Silicon
Nanowires on Silicon Chip for Ammonia
Sensing Application

Amit Kumar, Daisy Verma, Hrishikesh Dhasmana, Vivek Kumar,
Abhishek Verma and V. K. Jain

Abstract A low cost, easily processable, highly stable and reproducible, room
temperature ammonia gas sensors have been developed using textured silicon and
silicon nanowires (SiNWs) on silicon chip as sensing element. The
vertically-aligned rice-straw-like SiNWs have been fabricated on silicon chip using
metal-assisted chemical etching (MACE) technique. The prepared SiNWs shows
dense (37.5%) and well-oriented arrays having heights and diameters of nanowires
ranging 4–5 and 50–200 nm, respectively. Ammonia sensing characteristics of the
fabricated devices are recorded upon exposes to environment with ammonia
molecules of different concentrations (40–100 ppm) at room temperature. The
SiNWs based ammonia sensor show low noise and a high response (184%) for
100 ppm ammonia gas. The SiNW-array on silicon chip effectively increases the
surface area and possesses good sensing properties and has the potential for mass
production of sensing devices.

141.1 Introduction

Silicon nanowires (SiNWs) attract considerable attention as a most important
research subjects in past decade due to their interesting physical properties such as,
high electrical conductivity, enormous piezoresistance effect and reduced thermo-
conductivity [1, 2]. These properties of SiNWs ultimately open the door for the use
of nanowires in various commercial applications.

Silicon has incredible potential in manufacturing of highly sensitive and selec-
tive sensors [3, 4]. The demand for highly sensitive sensors featuring selectivity
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toward specific gases in various applications, such as industrial process control,
environment protection, food safety, healthcare and security has increased. In recent
time several sensing technologies, including optical, electronic, and electrochemical
methods have been developed for use in various applications [5]. Over the decades,
enormous efforts have been made to develop the room temperature gas sensors
based on silicon [6].

Although gas sensors based on porous silicon and on silicon nanowire integrated
on chip are well known but there are various problems associated with porous
silicon based sensor devices. The porous silicon has a big problem of making it
reproducible and hence there is no sensor available in the market for public use [7].
It has also very high resistivity in mega ohms. The metal electrodes in porous
silicon also degrade with time which results into the change in contact resistance of
the devices. Also, the silicon nanowires based sensor fabrication is relatively a
difficult technology and getting reproducible results are also difficult. Making
ohmic contacts in this technique is also a big problem.

Hence keeping in view of the above drawbacks, there is a need to develop low
cost gas and vapor sensors for room temperature sensing applications. Herein we
have prepared ammonia sensor using textured silicon wafer and silicon nanowires
(SiNWs) on silicon chip as sensing element for room temperature sensing appli-
cations. The prepared SiNWs have been characterized using SEM spectroscopy.
Ammonia concentration dependent response and recovery of the fabricated sensor
have been studied in detail and analyzed.

141.2 Experimental

141.2.1 Cleaning and Modification of Multi-crystalline
Silicon Surface

The p-type solar-grade polycrystalline silicon (pc-Si) wafers (boron-doped, 1.0–3.0
X cm) were used as supplied by Indo Solar Pvt. Ltd., India All the chemicals and
solutions of analytically pure grade were purchased from Sigma Aldrich and used
without further purification. The mc-Si wafers were cleaned sequentially in soap
solution, DI water, acetone, IPA solution for 10 min. The final part of cleaning was
done by using piranha solution prepared by mixing sulfuric acid (H2SO4, 95–97%)
and hydrogen peroxide (H2O2, 35%) in a 3:1 volume ratio and the samples were
immersed in this solution for 30 min. The samples were then dipped into dilute
hydrofluoric acid (HF, 38–40%) solution for 2 min to remove the native oxide and
allow the substrate surface to become hydrophobic. The acid texturization of the
substrates was done by acid solution of HF, HNO3 and H2O in the mixture ratio
2.5:1:2.5 for 60 s. All etchings were carried out at room temperature.
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141.2.2 Preparation and Characterization of Silicon
Nanowires on Silicon Chip

Metal assisted chemical etching (MACE) method [8] was used to prepare the
SiNWs on the pre-cleaned silicon substrates. The MACE solution was prepared in a
Teflon beaker containing 0.02 M AgNO3 (99.5%) and 4.6 M HF (38–40%) and the
silicon substrates were immersed in the solution for 1 h at room temperature. The
oxidation-reduction reactions taking place during the etching process are:

Agþ þ e� ! Ag sð Þ
Si sð ÞþH2O ! SiO2 þ 4Hþ 4e�

SiO2 þ 6HF ! H2SiF6 þ 2H2O

As the homogeneously dispersed silver ions comes into the contact with sub-
strate surface, the above mentioned galvanic reactions take place simultaneously.
The silicon is lost into the solution as SiF6 and leaves pits on the wafer surface.
These reactions selectively take place on the region where etching has already
initiated and because of this selective growth, holes formation takes place
throughout the surface. The remaining structure becomes vertically aligned arrays
of SiNWs covered with silver (Ag) dendrites. At the end of the etching process, the
samples were rinsed with DI water and placed in dilute nitric acid (HNO3, 65%)
solution for 30 min to remove the Ag dendrite layer formed on top of the nanowire
arrays. At the final stage of the process, samples were rinsed in deionized water and
dried. The morphology of textured pc-Si wafers and SiNWs were analyzed by
Scanning Electron Microscope (SEM) on Zeiss (EVO-18) instrument.

141.2.3 Device Fabrication and Characterization

Ammonia gas sensors were fabricated by making tip to tip contacts using silver
electrode on the textured surface and straight-aligned SiNWs arrays. The fabricated
sensors were exposed to NH3 analytes and the real-time electrical resistance
response was recorded by connected to a computer controlled Keithley 6517B
electrometer. The sensitivity of the fabricated sensor under the various ammonia
concentration were calculated by using the following formula:

S ¼ Rg � Ra
� �

=Ra � 100%:

where S = sensor response,
Ra = electrical resistance of sensor in ambient air
Rg = electrical resistance of sensor in presence of target gas.

141 Textured Silicon Surface and Silicon Nanowires on Silicon … 933



Upon exposing the sensor in the gas environment, the time required for the
sensor resistance to reach 90% of the equilibrium value can be defined as the
response time. The recovery time can be defined as the time required for the sensor
to reach a resistance ranging within 10% of its original value in air. All response
and recovery curves were obtained from the same sensor.

141.3 Results and Discussion

The scanning electron microscopic images of the textured silicon surface and
SiNWs on silicon surface are shown in Fig. 141.1.

The Fig. 141.1a, b are the top and cross-sectional views of SEM images of textured
mc-Si substrate. Likewise, the top and cross-sectional views of SEM image of grown
SiNWs on silicon surface are shown in Fig. 141.1c, d, respectively. It is evidented
from the images that free-standing SiNWs are arranged perpendicular to the silicon
surface. Dense and well-oriented SiNWs arrays have heights and diameters of
nanowires lying in the range of 4–5 µmand 50–200 nm, respectively. Furthermore, it
is also observed that the density of the SiNWs arrays is around 37.5%.

Fig. 141.1 SEM images of textured Si wafer and nanowires on Si wafer: a top and
b cross-sectional view of the textured mc-Si wafer, c top and d cross-sectional view of the
silicon nanowires on silicon chip
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Point contact based resistive sensor devices have been prepared by using silver
paste on the top of the textured silicon wafer and on SiNWs on silicon surface as
shown in Fig. 141.2a, b. The electrical responses of the textured silicon wafer based
sensor were recorded by applying the ammonia pulse of 40, 20 and 40 ppm,
sequentially as shown in Fig. 141.3a. The response of the fabricated device is also
recorded by applying the ammonia pulse of 40, 60 and 100 ppm and the device
shows very fast response and recovery time in all the three applied cycles as shown
in Fig. 141.3b. The baseline for the sensor also remains almost constant during the

Fig. 141.2 Schematic diagram of fabricated resistive type sensor based on a textured mc-Si wafer,
b based on silicon nano wires on mc-Si wafer
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Fig. 141.3 a Electrical resistance variation versus time under incremental ammonia exposure of
textured pc-Si sensor element, b electrical resistance variation versus time under ammonia
exposure cycling test of textured mc-Si as sensor element
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experiment and therefore shows highly reproducible nature of the fabricated sensor.
The % sensitivity of the textured silicon wafer based sensor is calculated and
summarized in Table 141.1. The textured silicon wafer based sensing element show
quite good sensitivity, may be due to dangling bonds on the surface arises due to
texturization.

The tip-to-tip contact on the silicon nanowires based sensor devices are prepared
as shown in Fig. 141.2b and the sensor is characterized in ammonia environment
with a gas concentration of 100 ppm. The time dependence response and recovery
for the aligned SiNWs on silicon chip as sensing element are shown in Fig. 141.4.
The SiNWs on silicon chip based sensing element shows much high response than
the textured silicon based sensing element. The recovery of the SiNWs based sensor
is slower than the textured based devices. The high sensitivity and slow recovery of
the SiNWs based device can be attributed to the very high surface area of the
SiNWs and more dangling bonds on the surface, due to which gaseous molecules
escape slowly from the surface. The repeated response and recovery of the SiNWs
based device are also recorded and confirmed that like textured silicon based
sensors, SiNWs based device also show highly reproducible results as shown in
Fig. 141.4b.

The % sensitivity of the textured silicon wafer based sensing element and the
SiNWs on silicon based sensing elements are calculated and summarized in
Table 141.1.

Table 141.1 % sensitivity of the fabricated devices at constant ammonia concentration
(100 ppm)

Sensing element Ammonia concentration (ppm) % sensitivity

Textured mc-Si 100 80

Si nanowires on mc-Si 100 184
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Fig. 141.4 a Electrical resistance variation versus time at 100 ppm ammonia concentration,
b repeated electrical resistance variation versus time at 100 ppm ammonia concentration
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141.4 Conclusion

Highly sensitive silicon based ammonia sensor have been fabricated and charac-
terized. Highly ordered vertically aligned silicon nanowires on silicon chip are
prepared and then compared with textured silicon wafer as sensing element for
ammonia gas. The SiNWs on silicon chip based sensing element shows much
higher efficiency than the textured devices.
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Chapter 142
A Comparative Study of Metal Oxide
Modified, Silicon Wafer and Silicon
Nanowires on Silicon Chip as Gas/Vapor
Sensing Element

Saravanan Yuvaraja, Hrishikesh Dhasmana, Amit Kumar,
Bidyut Barman, Vivek Kumar, Abhishek Verma and V. K. Jain

Abstract The synthesis and room temperature chemical gas sensing behavior of
the as-grown n-Tin Oxide (SnO2) on p-type polycrystalline Silicon (pc-Si) and
silicon nanowires (SiNWs) on Silicon substrate are reported in this paper. The
Metal assisted Chemical Etching of pc-Si has resulted into vertically aligned,
uniform grown highly dense SiNWs. These NWs on pc-Si substrate are decorated
by SnO2 particles by the Electro-deposition technique. The surface morphology of
fabricated device by SEM depicts SnO2 particles deposition on top of SiNWs. The
sensing responses of pristine and tin oxide decorated Si substrate are compared with
the sensing behavior of in situ and tin oxide modified SiNWs under the ammonia,
acetone and ethanol environment. These results suggest that the proposed tin oxide
decorated SiNWs shows analyte selectivity with appreciable rise in responsivity
(more than 50%) due to nanostructure of SiNWs template.

142.1 Introduction

Gas sensors are one of the most important technologies which play the pivotal role
in our daily life. Owing to achieve the need and purpose of public and domestic
safety measures, these gas sensors are employed for achieving typical applications
such as effective detection of toxic target analytes and dangerous explosives.
Amongst various types of gas sensing transducers, the resistive gas sensors are most
preferred because of its intrinsic capabilities such as easy fabrication and required
operation conditions. Nowadays, the world-wide sensors scientific communities are
entirely dedicated to exploit the innovative mechanism in order to augment the “4s”
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i.e. the sensitivity, selectivity, stability and speed. As a consequence, the blooming
nanotechnology concept is deeply investigated which has the inherent capability to
enhance the performance of gas sensors to many folds [1].

The gas sensors based on diverse 1-D nanostructures and related nanomaterials
such as the nanoparticles, nanotubes or nanowires are successfully synthesized and
employed in order to obtain the effective platform for enhancing the performance of
sensing devices [2]. Two important properties of these nano-materials which attract
the researchers are, (i) high surface to volume ratio and (ii) the physical dimension
of the particles is well less than the Debye Length (i.e.) charge screen length. These
parameters play predominant role in highlighting the augmentation of sensitivity in
the sensing devices [2].

On the other hand, recently the research interest is exhibiting a steady inclination
for designing the sensors to sense the target analytes at room temperature operation
condition without compromising on the need for high performance and reliability
[1]. The semiconductor nanowires are obviously takes the responsibility for satis-
fying this demand because of its insane label-free, direct and real time electrical
signal generation in response to target analytes at the desired room temperature
condition [3]. Amongst different semiconductor nanowires (NWs), silicon nano-
wires (SiNWs) is the ideal option because of its incredible intrinsic positive
properties with respect to room temperature sensing requirement. For instance,
these silicon nanowires are exhibiting excellent charge carrier mobility and it can be
well modulated by dopant concentration and the related aspects [4, 5]. Moreover,
according to gas sensing mechanism perception, the SiNWs based gas sensors are
quite easy to understand and visualize when compared to the metal oxide and
polymer counterparts [6]. Owing to achieve the cheap, reliable and low temperature
fabrication of Silicon nanowires, the chemical etching technique is widely preferred
[7].

The remarkable dielectric constant, intrinsic degenerative n-type semiconductor
nature and high transparency in visible region are some of the important properties
of SnO2 which are effectively harnessed for the various applications such as the
chemical sensing, optical photodiodes, etc. by growing a thin film of SnO2 on the
surface of p-Silicon substrate results in the fabrication of p-Si/n-SnO2 bulk
hetero-junction structure [8]. Owing to enhance the effective photo-generated
charge carrier transport and separation in the chemical sensing devices, when
compared to bulk hetero-junction structure, the nanostructured hetero-junction is
preferred and it is obtained by depositing thin film of SnO2 on the surface of the
as-grown Silicon nanowires. It is important to note that, the growth protocols which
are used to deposit the SnO2 film on the desired substrate and the techniques
employed to deposit them are some of the important panel members for deciding
the fate of the optical, electronic and structural properties of the tin oxide films [9,
10].

Herein, this work presents a study on fabrication and characterization of SiNWs
and SnO2 decorated SiNWs as chemical gas sensor. The resistor based devices are
compared as gas sensing element for ammonia, ethanol and acetone gases at room
temperature operation conditions.
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142.2 Experimental Section

142.2.1 Synthesis of p-Silicon Nanowire Arrays

The solar grade p-type polycrystalline silicon (pc-Si) wafers were washed by
ultra-sonication in a sequence of distilled water, acetone and isopropyl alcohol for
30 min. Piranha cleaning was performed in a solution of H2SO4:H2O2 (3:1) for
30 min at room temperature for removing surface contamination and organic
greases. After each step, the silicon wafer sample was treated with the distilled
water.

The p-Silicon Nanowire arrays were synthesized on the p-Silicon substrates
using one step Metal Assisted Chemical Etching Technique [11–13]. According to
this technique, the silicon substrate was immersed in a Teflon vessel containing a
solution of 0.02 M silver nitrate (AgNO3) and 5 M hydrofluoric acid (HF) for
40 min at 20–50 °C. During this process, two important mechanisms take place
simultaneously where (a) The silver nitrate helps in effective formation of Silver
nanoparticles on the Silicon surface (b). Catalytic etching of silicon sites by HF
where the Silver nanoparticles had been deposited. Then the Silicon wafer was
treated with nitric acid for a period of 15 min in order to remove the excess of silver
nanoparticles, rinsed in Distilled water and then dried in the hot plate at 30–40 °C
for few minutes.

142.2.2 Fabrication of p-Silicon Nanowire/n-SnO2

Hetero-Junction Diodes

The n-SnO2 thin film was deposited on the as-grown p-Silicon SiNWs using
Electro-chemical deposition process [14]. In this process, we had used Platinum as
anode and silicon nanowire sample as cathode. Both the electrodes were connected
to the external power supply as shown in the Fig. 142.1.

Fig. 142.1 Experimental setup for the electrochemical deposition technique
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These electrodes were immersed in an electrolytic solution of 25 mM of tin
chloride dihydrate (SnCl2�2H2O) from Sigma Aldrich and 150 mM of nitric acid
(HNO3). The tin oxide was electrochemically deposited on surface of the silicon
nanowires for a period of 20 min with the supply voltage 1.5 V to form the tin
oxide nanoparticle thin film. The thickness of the tin oxide thin film was
around *100 nm which was accepted to be far more sufficient for the effective
absorption of the analytes at the interface. The depositions were carried out at room
temperature and the deposited films were annealed at 370 °C for 15 min in a muffle
furnace. Finally, the silver ohmic contacts were made on the top surface and back
side of the SnO2 thin film and p-Silicon substrate respectively. The so prepared
samples consisting of SiNWs, SnO2 decorated SiNWs as gas sensors are charac-
terized by Scanning Electron Microscope (SEM) (Model: Zeiss—EVO-18) for
surface analysis and Keithley Sourcemeter-2400 for I–V measurement of the device.

142.3 Experimental Section

142.3.1 Synthesis of p-Silicon Nanowire Arrays

The SEM images of SiNWs and SnO2 decorated SiNWs are shown in Figs. 142.2a
and 142.3a, respectively.

Figure 142.2a clearly shows high aspect ratio of SiNWs whose diameter lying in
the range of *100–150 nm. These SiNWs are capped by SnO2 thin film as por-
trayed in Fig. 142.3a. The EDX spectrum (Fig. 142.3b) confirms peaks corre-
sponding to Sn and O elements. At the same time, the excellent stoichiometric
behavior of our novel SnO2/Silicon nanowire hetero-structure was well witnessed
from the ratio of the average wt% was around 14.49:26.63, as observed from
Fig. 142.3b. Whereas, the peak representing Silicon undoubtedly relate to the
substrate which holds Silicon nanowires.

Fig. 142.2 a Top surface SEM image of p-SiNW arrays synthesized by MACE method; b EDX
spectra of SiNWs arrays. Inset: table presents the complete details about the particle composition
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142.3.2 Device Characterization

142.3.2.1 Methodology

The electrical current–voltage characteristics of pristine and modified Silicon
nanowires resistor based sensors are measured using Keithley 2400 Source Meter.
The target resistance (R = V/I) for each device was calculated from the slope of
linear I–V curves. The Silicon nanowire based device was placed in the ambient
environment and its electrical characteristics were measured under the exposure of
analytes gas at room temperature operating environment.

The reducing gas detector response Sg, can be defined as [15],

Sg ¼ Rg � R
Rg

where, Rg and R refer to the resistance of the device under investigating toxic gases
and ambient environment respectively.

142.3.2.2 Chemical Analyte Detection

The room temperature responding behavior of both the pristine and modified
Silicon and Silicon nanowires based chemical gas sensors towards the reducing
agents such as ammonia, ethanol and acetone are well summed up in Tables 142.1
and 142.2, respectively.

The confinement effect and surface to volume ratio are the most important
parameters of the transducer for achieving high sensitivity towards the target toxic
analytes. But, Silicon (Sample 1) and the tin oxide decorated (Sample 2)

Fig. 142.3 Header a top surface SEM image of SnO2 decorated p-Silicon nanowires; b EDX
spectra SnO2 modified Silicon nanowires arrays. Inset: table presents the complete details about
the particle composition
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counterpart are obviously not having these two essential properties which in turn
failed to sense the chemical species. This is clearly observed in the Table 142.1.

On the other hand, we could harness exciting results by growing Silicon
nanowires (Sample 3) and it is well compared with the tin oxide modified (Sample
4) counterpart.

The effect of Ammonia reducing agent on the electrical characteristics of
Samples 3 and 4 were investigated. Before analyte exposure, the ambient oxygen
gas molecules get adsorbed by trapping the electrons from the surface of the Silicon
Nanowire crystal. Thus, the electron depletion layer is formed which eventually
leads to the decline in the conductivity of the host Silicon nanowire material.

Upon exposing to the ammonia reducing gas, the gas molecules get adsorbed on
the surface of Silicon nanowires, these reducing gas molecules are oxidized with the
help of oxygen molecules which in-turn reduces the sensing elements by giving
back the electrons that was captured by the adsorbed oxygen molecules [16]. This
mechanism is the main reason behind the 6.4% decrease in the resistance of our
Silicon nanowire transducer under the exposure of Ammonia, as shown in
Table 142.2.

Whereas, the response of our tin oxide decorated Silicon nanowire towards
ammonia was complementary to that of pristine Silicon nanowire counterpart. On
examining the energy band diagram of p-Silicon/n-SnO2 hetero-junction structure
[8], it is clear that the electronegativity behavior of the tin oxide is far much higher
than the silicon. This behavior will create the inherent potential for the tin oxide to
attract the electrons from the silicon, thus the hole accumulation layer is formed on
the surface of the Silicon substrate. As a consequence, the tin oxide decorated
Silicon nanowire material tends to exhibit p-type behavior. So, when it is exposed
to ammonia gas, based on the above mechanism, these gas molecules will tend to
increase the concentration of minority charge carrier (electrons) on the surface of
the p-type sensing element, this will augment the resistance of the sensing material
to many folds as of about 64% in our device as witness in the Table 142.2.

Unlike ammonia, the response of the pristine and modified Silicon nanowires
towards the ethanol and acetone are quite different. Interestingly, excluding the
Ammonia behavior, the tin oxide decorated and in situ Silicon nanowire are highly
selective to the acetone and ethanol respectively. To be specific, upon introducing

Table 142.1 Sensing behavior of pristine and tin oxide decorated silicon substrate towards the
ammonia, ethanol and acetone reducing gas

Analytes Pristine silicon (Sample 1) Tin oxide decorated silicon (Sample 2)

Before
exposure
(MΩ)

After
exposure
(MΩ)

Sg (%) Behavior
after
exposure

Before
exposure
(MΩ)

After
exposure
(MΩ)

Sg (%) Behavior
after
exposure

Ammonia 1.4 1.5 0.06 Negligible
increasing

0.6 0.59 0.02 Negligible
decreasing

Ethanol 1.4 1.4 0.0 No change 0.65 0. 65 0.0 No change

Acetone 1.4 1.4 0.0 No change 0.66 0.66 0.0 No change
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the ethanol, the resistance of the intrinsic Silicon nanowires was slightly decreasing
from 2.57 to 2.49 MΩ which accounts for 3.1% change, but this sensing material
was not exhibiting considerable response for the acetone environment. On the other
hand, even though the tin oxide decorated Silicon nanowires is not a potential
candidate in sensing the ethanol but it has proven its capability by detecting the
acetone with the sensing response of about 58%.

Thus, SnO2 decorated SiNWs show analyte selectivity to ammonia and acetone
with significant (>50%) change in the resistance of the device under room tem-
perature operating conditions.

142.4 Conclusion

In summary, we have demonstrated the fabrication of uniform, highly dense Si
NWs with the help of Metal Assisted Chemical etching technique. These nanowires
are well decorated by the electro-deposition of tin oxide thin film. As a result, the
intrinsic SiNWs has shown rise in response towards the ammonia gas. Besides
ammonia environment, the tin oxide decorated counterpart has shown incredible
response under the exposure of acetone.
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Chapter 143
Functionalized Graphene for NO2
Sensing: Kelvin Probe Based Contact
Potential Difference
(CPD) Measurements

Pankaj B. Agarwal, Sami Ullha and Sumit Sharma

Abstract In this work, we investigated pristine and polyethylenimine
(PEI) functionalized graphene for NO2 gas sensing. The study involves the
RAMAN and SEM characterizations to check the presence of few layer graphene in
thin film. Kelvin Probe (KP) based contact potential difference (CPD) measure-
ments were used to evaluate the charge transfer during adsorption/desorption of gas
molecules. It has been observed that functionalization with PEI results better
response, recovery, and repeatability of graphene based NO2 gas sensor.

143.1 Introduction

Novoselov and co-workers reported first time the use of graphene for gas sensing
for 1 ppm concentrations of NO2, NH3, and other gases [1]. Several reviews on
recent advances of pristine and functionalized graphene based chemical/gas sensors
have been reported [2, 3]. In this paper KP is used, to measure work function
changes due to gas adsorption with meV precision. PEI functionalized graphene
shows reduced sensitivity of sensor for 2–5 ppm NO2 gas concentration; however
the other attributes such as repeatability, response and recovery were significantly
improved.
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143.2 Experimental

Suspension of multilayered graphene (MLG) powder was prepared using 16 h bath
sonication in N-methyl pyrrolidone (NMP) with 0.04 mg/ml concentration. Syringe
infusion pump was for flow control at 6 ml/min for spray coating of MLG over
silicon dioxide followed by PEI functionalization. The spray coating was carried
out using in-house prepared set-up as shown in Fig. 143.1.

143.3 Results and Discussion

RAMAN data reveals the presence of D peak at 1350 cm−1 while G and 2D peaks
at 1580 and 2725 cm−1, with a ratio I2D/IG * 0.42 as shown in Fig. 143.2a. This
ratio and shape of 2D peak confirms the presence of MLG as expected. The
presence of D peak reveals a considerable disorder in the graphene film. SEM
characterization over graphene coated PTFE substrates shows MLG on the substrate
(Fig. 143.2b).

Fig. 143.1 Spray-coater set-up for multi-layered graphene (MLG) spray
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Fabricated pristine and PEI functionalized graphene samples were exposed to
1–5 ppm NO2 concentrations for 5 min and to N2 for 40 min for recovery. The
recorded CPD is correlated with work function as follows:

CPD ¼ Upristine graphene � Ureference electrode

e
;

where e * 1.6 � 10−19 C.
At lower concentrations (1–2 ppm) of NO2 gas, pristine graphene (PG) shows

lower response because it is known for limited interaction with the donor or
acceptor molecules. At the same concentration PEI functionalized graphene shows
more response because of induced n-doping in the surface (Fig. 143.3). At higher
concentrations there is an increased concentration of NO2 molecules and hence

Fig. 143.2 a RAMAN, and b SEM characterizations of pristine multi-layer graphene

Fig. 143.3 KP measurements for 1–5 ppm NO2 gas concentration a pristine based, and b PEI
functionalized graphene based gas sensors
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more attraction and hence more sensitivity of PG, which should have been the case
with functionalized graphene also but due to shielding effect of PEI there is a
“relatively” lower interaction between the gas molecules and graphene and hence
lower sensitivity.

143.4 Conclusions

The PEI functionalized MLG sample shows sensitivity 53.16–176.27% for
1–5 ppm NO2 concentrations at room temperature with good recovery and
repeatability. These NO2 gas sensors could be useful for environmental monitoring,
and exhaled breath based disease detection.
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Chapter 144
Effect of Residual Stress on Cantilever
Type Push–Pull Capacitive
Accelerometer Structure

Nidhi Gupta, Shaveta, Shankar Dutta, Ramjay Pal
and Kapil Kumar Jain

Abstract This paper presents the effect of residual stress on the response of the
capacitive push pull accelerometer structure. The effect of residual stresses on the
structure was simulated by using finite element method (FEM) based software.
A simple model is proposed to trim the offset of the accelerometer deflection due to
the residual stress associated with various fabrication processes.

144.1 Introduction

Micro-Electro-Mechanical System (MEMS) based high sensitivity low noise micro
accelerometers are in great demand for inertial guidance, geophysical sensing, and
space applications [1–3]. The basic sensing mechanism of these accelerometers is
predominantly capacitive in nature.

During the fabrication of any MEMS structures, different materials are deposited
at elevated temperature [4]. Due to the adjoining of two dissimilar materials at
elevated temperature residual stress may arise. It is defined as the internal stresses
that remain in a body after removing all other external loading forces. Since, most
of the MEMS devices have delicate mechanical structures; the presence of residual
stress may affect its performance and reliability.

This paper presents the effect of various fabrication process induced residual
stresses (0–1000 MPa) on the performance of cantilever type MEMS accelerometer
structure. The accelerometer structure consists of a 1000 lm� 1000 lm proof mass
suspended by two narrow beams (size: 1000 lm � 50 lm) between two fixed
electrodes as shown schematically in Fig. 144.1. The distance between the fixed and
movable structure is kept at 3 lm. Thickness of the accelerometer structure is
30 lm. The response of accelerometer at different acceleration (0–10g) under var-
ious residual stresses (0–1000 MPa) is simulated by Coventorware 10.0 software.
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144.2 Result and Discussion

Figure 144.2 shows the typical deflection of the accelerometer structure simulated
under the influence of residual stress (500 MPa). The tip deflection of the
accelerometer structure is found to vary linearly with the residual stress as shown in
Fig. 144.3. Influence of residual stress on the static response of the structure in 0–
10g acceleration range is shown in Fig. 144.4.

The residual stress generates an off set in the deflection versus acceleration
characteristics. One can model the behavior of the cantilever type accelerometer in
the following way.

Since deflection (y) is proportional to the applied acceleration (a) as well as to
the residual stress (r) present in the structure, they can be combined in to the
following equation:

y ¼ m : aþP : r

Where, P be factor which relates the deflection of the accelerometer structure with
residual stress at 0g; and m be the factor which relates the deflection of the
accelerometer structure with acceleration at 0 residual stress. Figure 144.5 shows
the variation of m and P with the residual stress. By using this simple model, one
can trim the offset of the accelerometer deflection aroused due to the residual stress
coming from various fabrication processes.

Fig. 144.1 Schematic of the
cantilever type push–pull
capacitive accelerometer

Fig. 144.2 Simulated
deflection of the
accelerometer structure under
residual stress (500 MPa)
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144.3 Conclusion

In this paper, we discussed about the effect of residual stress on the response of the
capacitive push pull accelerometer structure. The effect of residual stresses (0–
1000 MPa) on the accelerometer structure was analyzed by using finite element
method (FEM) based software. A simple compensation model is proposed to trim
the offset of the accelerometer deflection due to the various fabrication processes
related residual stress.
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Chapter 145
Designing InP-Nanowire Based Vertical
Metal-Oxide-Semiconductor Capacitors
for Wavelength Selective Visible Light
Sensing

Subhrajit Sikdar, Basudev Nag Chowdhury
and Sanatan Chattopadhyay

Abstract The current work investigates photogeneration phenomena in
InP-nanowire vertical metal-oxide-semiconductor (MOS) photo-capacitor by
developing a theoretical model with second quantization description of photon
absorption by a self-consistent simultaneous quantum-electrostatic solver. The
equations are solved by using non-equilibrium Green’s function (NEGF) formal-
ism. The vertical MOS device can directly detect the color of incident light in the
range of 380–700 nm (visible region) with high spectral resolution by varying the
nanowire diameter and applied voltage. The entire visible spectrum is detected with
relatively higher device dimensions in comparison to the Si-nanowire based device.
Such devices can be a potential candidate for wavelength selective direct pho-
todetection with lesser fabrication complexities.

145.1 Introduction

Semiconductor nanowire based devices have gained paramount interest in opto-
electronic applications due to its large surface to volume ratio and tunable optical
properties with geometrical dimensions and electrical parameters [1–4]. In con-
ventional photo-sensing devices, the color of incident light is detected by the split
and superposition technique where the device splits the color in a linear combi-
nation of Red-Green-Blue (RGB) signals and subsequently converts them into
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corresponding photo-currents, followed by a color correction method by superpo-
sition of those signals [5]. In such technique, color aliasing effects play a major
detrimental role due to unavoidable overlap between each spectral band [6]. Thus,
the color of a particular image cannot be detected accurately since color pixels
suffer a shift towards red or blue region. Therefore, it is required to design novel
devices which can detect each wavelength directly without using the split and
superposition principle. In the previous work, Si-nanowire based vertical MOS
photo-capacitor has been investigated to detect directly the entire visible spectrum
with high selectivity excluding the split and superposition technique [7]. Such a
device achieves color sensing by sub-5 nm diameter with sub 0.5 nm diameter
control which increases complexities associated in fabrication procedures. In recent
times, InP is of prime interest among researchers as nanowire photo-detectors [8–
10] due to their high electron mobility and lighter bulk electron effective mass. Such
lighter electron effective mass contributes for stronger quantization in relatively
higher device dimensions which in turn reduces scalability of the device. In the
current work, capability of InP-nanowire vertical MOS photo-capacitor to detect
directly the color of incident light is investigated by developing a theoretical model
incorporating electron-photon interaction in NEGF formalism by achieving
self-consistency through a quantum-electrostatic solver.

145.2 Mathematical Modeling

The transition of electrons from valence sub-band to the conduction sub-band after
interacting with incident photons is described by following equations [11],

i�h
d
dt
Cc
i ¼ Hc

ISOC
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i þ
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r;a

sairC
v
r b
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a þ sa�ir C

v
r b
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j Cv
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where, Cc
i and Cv

s are annihilation operators for conduction and valence band
electrons and bphta is the photon annihilation operator. HC

ISO and Hv
ISO are the cor-

responding Hamiltonians for isolated conduction and valence band electrons. In the
mathematical formulation, it is considered that electrons in the valence band region
are interacting with the incident photons and generates electron-hole pairs. The
photo-generated electrons are then separated from such pair by applying a positive
voltage at the metal gate. Such accumulated electrons are structurally confined in
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two transverse dimensions and electrically confined in the longitudinal direction.
Therefore, a voltage assisted quantum dot (3-D confinement) is formed at the top of
the nanowire near the insulator-semiconductor interface.

The electron-correlation function for the filled state of electrons in the conduc-
tion band is obtained as,

ncik t; t0ð Þ ¼
X
i0;k0

Z Z
dt1dt2 GD

i;i0 t; t1ð Þ
XIn�pht

sc

t1; t2ð ÞGD�
k0;k t2;t

0� �" #
ð145:2Þ

where, GD is the ‘device’ Green’s function and
PIn�pht

sc t1; t2ð Þ is the photon
in-scattering function. Finally, the number of photo-generated carriers per sec is
obtained as,

nph1D ¼
X

allsub�bands

1=2p�hð Þ
XIn�pht

sc

Esubð Þ
" #

ð145:3Þ

145.3 Result and Discussion

Schematic diagram of arrayed nanowire vertical MOS capacitors are shown in
Fig. 145.1a where InP nanowires are assumed to be grown in [100] direction on a
InP substrate and hafnium oxide (HfO2) is considered as the insulator with 0.5 nm
EOT. The device is considered to be operated in room temperature condition. The
conduction band and one dimensional carrier concentration of such vertical MOS
structure is plotted in Fig. 145.1b for a 50 nm diameter device. It is observed that
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with increasing the applied voltage the conduction band bends more in the
downward direction which creates a quantum well at the interface. The carrier
concentration profile is also observed to increase with increasing the applied
voltage where prominent troughs and crests are observed at relatively higher
applied voltage due to the presence of discrete energy states in the quantum well.
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Thus, the increase in amplitudes of such troughs and crests signifies the increase in
quantum confinement due to the applied voltage.

In Fig. 145.2a the photo-capacitance profile for a 50 and 30 nm diameter device
with different applied biases is shown to detect the VIBGYOR (violet-indigo-blue-
green-yellow-orange-red) colors directly. The sharp photo-capacitance peaks for all
the diameter-voltage combinations ensure high selectivity of a particular wave-
length. Such high selectivity is obtained by the combined effect of structural and
electrical quantization in terms of engineering the energy gap between two inter-
acting conduction and valence sub-bands. The photo-generation rates of such colors
are plotted in Fig. 145.2b with the distance from insulator-semiconductor interface.
The photo-generation rates are observed to be of the order of 1016 for all the
wavelengths at a particular energy state where that particular energy state is the
lowest available energy value determined by the structural (nanowire diameter) and
electrical quantization (applied voltage). It is also to be mentioned that the spectra
of photo-generation rate sharpens with increasing such confinement which signifies
the improvement of selectivity of the MOS device.

Finally, the design window to detect the entire visible spectrum (380–700 nm)
directly with 5-nm spectral resolution (i.e. 64 spectral bands) is shown in
Fig. 145.3. It is observed that the InP-nanowire based device is capable of detecting
the entire visible spectrum with relatively higher nanowire diameters and only two
diameter variations in comparison to the Si-nanowire based device (as mentioned in
[7]). Such relatively higher dimensions and lesser number of diameter variations
reduce the process induced complexities arises at the time of fabrication.

145.4 Conclusion

In the current work, a vertically oriented InP-nanowire based MOS capacitor is
investigated to directly detect the visible spectrum. A theoretical model is devel-
oped by employing NEGF formalism to solve the photogeneration phenomenon.
The relevant equations are solved by the in-house developed self-consistent

W
avelength

(nm
)

Fig. 145.3 Design window
to detect the entire visible
spectrum with 5 nm spectral
resolution
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simultaneous Schrödinger-Poisson solving tool. Such device is capable of detecting
color of the incident light directly with 5 nm spectral resolution. It is worthy to
mention that relatively higher diameters and only two diameter variations are
required for such detection in comparison to the Si-nanowire based device thereby
reducing the process induced complexities associated with fabrication procedures.
Therefore, such InP-nanowire based MOS photo-capacitor device may be a
potential candidate for future direct-optical sensing applications with relatively
lesser fabrication complexities.
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Chapter 146
Estimation of Scattering Loss
Due to Sidewall Roughness
in High Power Laser Diodes

Deepti Jain, Somna Mahajan, Alok Jain, Manjeet Singh
and Shabbir Mohammed

Abstract High power laser diodes are fabricated using two different etchants by
wet etching method. Sidewall roughness of the stripe in two cases is extracted using
AFM and scattering loss due to this roughness is calculated theoretically by using
well established model and exponential autocorrelation function for the roughness.

146.1 Introduction

The vertical waveguide structure in high power laser diodes is designed and opti-
mized by considering the desired wavelength, the power level, divergence and
overall efficiency. This waveguide is formed by very controlled epitaxial growth
technique and has very smooth interface at cladding layer.

But lateral waveguide in laser diodes is formed by fabrication processes which
includes photolithography and mesa etching. A typical structure of high power laser
diode is as shown in Fig. 146.1, wherein the etched surface form the sidewall of the
waveguide. The region under the mesa can be considered “core” and that outside
the ridge as “cladding” similar to as in usual waveguides. This is because, a lateral
effective index difference is present in the two regions due to formation of stripe
geometry. Optimizing this lateral waveguide is much more challenging than opti-
mizing the vertical waveguide. The geometrical parameters of the stripe are
designed according to the modes supported, power level and divergence etc. But the
sidewall roughness depends on the process technology.

Scattering loss depends on the roughness, as well as the waveguide design
(geometrical parameters). The external efficiency of laser diodes depends on
internal losses of the cavity, which also includes loss due to scattering at clad/core
interface. An attempt is therefore made to study the effect of roughness in the lateral
waveguide on output power, slope efficiency and threshold current.
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146.2 Aim of the Study

High power laser diodes are typically fabricated in stripe geometry by wet or dry
etching of the stripe [1]. Ion bombardment in dry etch process is considered to
produce surface damage. Because of the large dimensions involved, these devices
are generally fabricated by wet etching.

The internal loss in laser diode cavity is mainly because of free carrier absorp-
tion, coupling loss and loss due to scattering at interfaces.

In this paper we have estimated the effect of roughness on scattering loss by the
use of different chemical etchants. So that this method can in general be extended
for adapting new process technology for fabrication of laser diodes.

146.3 Method

We report on extraction of surface roughness in so formed lateral waveguide and
calculate the scattering loss introduced by the sidewall roughness.

Laser diodes were fabricated in two batches:

(i) Batch 1: Phosphoric acid based etchant (H3PO4:H2O2:H2O :: 1:3:50), and
(ii) Batch 2: Sulphuric acid based etchant (H2SO4:H2O2:H2O :: 1:1:98).

The roughness introduced in these two batches are extracted by AFM and SEM
images. RMS roughness and autocorrelation length are extracted to calculate the
scattering loss by the model of Payne and Lacey [3] and is given by

Fig. 146.1 a Typical construction of laser diode. b Schematic of epitaxial structure with stripe
formation
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asc ¼ r2
ffiffiffi

2
p

k0d4n1
g:f

where r2 is mean square roughness, k0 is propagation constant, d the waveguide
half width and n1 is the core index, g is a function of waveguide geometry and f is a
function dependent on autocorrelation length.

RMS Roughness values as obtained by AFM of the two batches comes around
0.78 and 20 nm respectively and correlation length of 19 nm and 120 nm in that
order. The SEM and AFM images are shown in Figs. 146.2 and 146.3. The scat-
tering loss from the sidewall roughness for the batch 1 is calculated to be 1.6 dB/
mm whereas that of batch 2 is 11 dB/mm assuming exponential statistics of
roughness. The values will be more for Gaussian statistics but an exponential
autocorrelation function of roughness has been found to be more realistic by various
authors [2].

146.4 Results

It has to be noted here that the scattering loss is not a monotonically increasing
function of roughness but is maximum when autocorrelation length is of order of
beat wavelength of the radiation and the guided mode.

Fig. 146.2 SEM images of sidewalls obtained in a Batch-1 and b Batch-2(a)

Fig. 146.3 AFM images of sidewalls obtained in a Batch-1 and b Batch-2
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Chapter 147
Substrate Dependent Growth of DH6T
Small Molecules in Vapor Deposited
Thin Films

C. Shalu, S. Raj Mohan, Mukesh P. Joshi and Vipul Singh

Abstract Substrate dependent growth of DH6T small molecules in the evaporated
thin films was studied in order to speculate the role of substrate. XRD data revealed
that films grown on both glass and silicon substrates are well ordered, and crys-
talline in nature with relatively more crystallinity on silicon substrates rather than
glass substrate. AFM study showed that step like circular domains with height
almost equal to molecular length are formed on both substrates and the grain size is
larger on the silicon substrate than on glass. Photoluminescence studies showed that
intermolecular interaction is more in the thin films evaporated on silicon substrate.

147.1 Introduction

Organic field effect transistor (OFET) gains an immense importance in the field of
modern flexible electronics due to their potential to be used as a key element in
various devices such as RFID cards, sensors, panel displays etc. Figure of merits in
OFET i.e. on-off ratio, field effect mobility, threshold voltage are influenced by the
active layer material used for device fabrication. In small molecule based OFETs
active layers generally deposited by thermal evaporation. Growth and orientation of
the molecules during thermal evaporation are highly dependent on various depo-
sition parameters like deposition rate, nature of substrate and substrate temperature
etc. Thin films fabricated with small molecules are well ordered, uniform, and
crystalline in nature, hence high field effect mobility. Substrate has an immense
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importance in growth of molecules as it controls the arrangement of molecules and
acts as a template. Among several small molecule, OFETs fabricated using olig-
othiophenes, possessed improved figure of merits, better ambient stability and wide
tunability to optical and electrical properties [1]. Among all alkyl substituted
oligothiophenes, a, x-dihexylsexithiophene (DH6T) has received great attention
due to its ability to be solubilized in common organic solvents and can also be
thermally evaporated [2]. Conventionally, OFETs use Silicon dioxide (SiO2) as
dielectric layers because of its high dielectric constant (*4), abundance in nature,
high temperature stability etc. [3]. Even though there are distinct advantages with
use of SiO2 as dielectric layer there are pertinent issues present in the devices
fabricated using SiO2 such as inflexible nature and instability in the device oper-
ation due to charge trapping semiconductor insulator interface [3]. Moreover, the
use of SiO2 as gate insulators mostly restricts to the fabrication of bottom gate
OFETs as the deposition of SiO2 on organic semiconducting materials is difficult.
Hence for better device performance and for flexible electronic applications, an
alternative flexible substrate to the conventional SiO2 is indispensable [4]. In this
study we compared the growth of DH6T and its optoelectronic properties over
conventional silicon substrate and on a glass substrate to fabricate the flexible
device.

147.2 Aim of the Study

Molecular growth, can reportedly be controlled by parameters e.g. evaporation rate,
substrate, substrate temperature etc. [2]. Substrate used for film fabrication controls
the arrangements of molecules and act as template for growth.

147.3 Method

Thin films of DH6T small molecules were grown on silicon and glass substrates
using SVTA Knudsen cell at base pressure of *1 � 10−7 mbar and *0.2–0.5 Å/
s deposition rate, inside glove box.

147.4 Results

Figure 147.1a shows the absorption of the DH6T thin films grown on quartz
substrate. Absorption spectra is recorded only at quartz substrates because DH6T
absorbs in UV-near visible region of spectra with a peak of absorption at *370 nm
and quartz absorbs after *200 nm.
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h − 2h XRD pattern of DH6T thin films grown on two different substrates viz.
glass and silicon is shown in Fig. 147.1b. Well ordered crystalline structure is
confirmed via XRD study with diffraction peaks at 3.4° (002), 6.45° (004) on both
the substrates. Crystallinity of DH6T thin films grown on silicon substrate is more
than the thin films grown on glass substrates.

Photoluminescence (PL) studies (shown in Fig. 147.2) have also performed to
gain more insight to growth of the molecules in the films on different substrates. PL
spectra of DH6T has two well resolved distinct peaks at *540 and *580 nm
corresponding to 0-0 and 0-1 transitions respectively. Moreover the intensity of PL
is high for the thin films evaporated at glass substrate compared to silicon sub-
strates. Additionally, ratio of 0-1 peak to 0-0 peak, quantification of intermolecular
interaction, implies that intermolecular interaction is more in the thin films evap-
orated at silicon substrate.

Fig. 147.1 a Absorption spectra and b XRD pattern of the thin films evaporated on different
substrates

Fig. 147.2 Photoluminescence spectra of the DH6T thin films evaporated on different substrates
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Furthermore the effect of topography of the underlying layer was studied with
the help of Atomic force Microscopy (AFM). AFM micrographs of the thin films
evaporated at different substrates are shown in Fig. 147.3. Circular domains with
sizes *800–1000 nm are observed on both the substrates and the step height of
each domain was *3–4 nm. The step height was almost equal to the molecular
length of DH6T (3.88 nm) that the growth of the molecules in vertical direction.

147.5 Conclusion

Growth of thermally evaporated DH6T thin film on two different substrates glass
and silicon substrate was investigated. DH6T absorbs in near UV region with a
peak at *370 nm. Crystalline structure of DH6T grown on both the substrates was
confirmed with the help of XRD studies. In PL studies two peaks are observed
at *540 and *580 nm on both the substrates. AFM images further confirmed that
the growth takes place in a step like circular aggregated structure with step height of
3–4 nm on both the substrates. Even though more crystalline and ordered thin films
are grown on the silicon substrates but the optoelectronic properties of the thin films
on glass substrates are also found to be interesting that further opens a wide era of
flexible OFET fabrication. These studies will be further helpful to fabricate OFET
structure and investigate OFET characteristics for different applications.
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Chapter 148
Stable Optical Quality SiO2/TiO2 Stack
Development for the Facet Coating
of Laser Diodes

D. K. Mohanty, Anshu Goyal, K. Chandhok and Alok Jain

Abstract Titanium oxide in combination with Silicon dioxide is extensively used
for the facet coating of laser diodes besides other applications for high reflectance
coating. Stable stoichiometric TiO2 film deposition is very challenging with the
conventional reactive e-beam deposition and often oxygen deficiency is observed in
the deposited film, and hence the optical constants of the film are much inferior to
the bulk crystalline TiO2. This oxygen deficiency is also observed in case of SiO2

film but is less pronounced than that of TiO2. Stoichiometric TiO2 film is deposited
by ion beam sputtering and incorporated in the SiO2/TiO2 stack deposited on GaAs
(100) substrate to evaluate their suitability for high reflectance coating application.
The exact composition of the TiO2 film is evaluated by X-ray photoelectron
spectroscopy (XPS) technique. The surface roughness of the SiO2 and TiO2 film
deposited on GaAs (100) is measured by atomic force microscopy (AFM). The
interface and surface roughness; the thicknesses of the individual layers are eval-
uated by X-ray reflectivity (XRR) technique. The reflectance of the SiO2/TiO2

bi-layer is measured by UV-Visible-NIR spectrophotometer. The high quality of the
films with low level of interface roughness, good stoichiometry and stable layer
thickness were established by the above measurements.

148.1 Introduction

The SiO2/TiO2 thin film material stacks are conventionally deposited by reactive
e-beam evaporation where the stoichiometry is achieved after optimizations many
interdependent parameters [1]. Stable TiO2 film with reproducible refractive index
and thickness value is difficult to deposit by conventional e-beam evaporation
technique. These stacks having stable optical properties like: fixed refractive index;
stoichiometry; surface and interface roughness are deposited by using an ion beam
deposition (IBD) system. The layer stacks prepared by ion beam deposition are
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having very flat surface and interfaces, suitable for laser diode applications [2]. The
low surface and interface roughness reduces the scatter loss at each interface there
by reducing the net loss after multiple reflections. The sputtered particles resulting
from ion beam sputtering are having energy few tens of eV in comparison to few
tenths of eV in thermally evaporated particles. Therefore they have sufficient
freedom to move over the substrate and condense as dense film having good optical
properties. The density of the films deposited by IBD is also high and the film
porosity is low therefore they are stable against environmental factors. The IBD
films shows high laser induced damage threshold, therefore suitable for very high
power laser facet applications. The film deposition by ion beam sputtering requires
the control of few independent parameters therefore the stability and reproducibility
of the deposition can be achieved easily.

The study aims at evaluating the properties of the ion beam sputtered deposited
film and to exploit the superior optical properties of the films for the facet coating of
high power laser diodes [3]. The critical parameters for the facet coating of laser
diodes are weighed vis-à-vis the classical deposition technique of e-beam evapo-
ration. It also aims at understanding the deposition technique with its advantages
and limitations in the context of present requirement of laser diode facet
development.

148.2 Experimental Details

A quarter wave optical thickness layers stack of SiO2/TiO2 is deposited by ion
beam sputtering technique on GaAs (100) substrate. The thickness of the individual
layers was decided from MATLAB code so as to maximize the reflectivity of the
stack around the central wave length of 808 nm. X-ray photoelectron spectroscopy
(XPS) measurements have been performed on Omicron’s Multi technique surface
analysis system. XPS spectra were acquired using the monochromatic Al Ka X-ray
source having photon energy of 1486.7 eV and a hemispherical electron energy
analyzer EA 125, working at pass energy of 10 eV. Angle variation was done
automatically with a motorized sample stage and emission angles are defined with
respect to normal of the surface. The instrument energy resolution was set to
0.6 eV. Samples were grounded using two metal clamps holding it from the surface
so that the sample and the instrument Fermi level remain at equilibrium level.
A charge neutralization gun was used to compensate the peak shift due to the
surface charge build-up. For calibration, adventitious carbon peak was used as a
internal reference at 284.8 eV. In survey scan the take-off angle of the photoelec-
trons was set at 55° inclined to the surface normal. The XPS analysis on the TiO2

film using the Omicron nanotechnology’s multi-technique surface analysis system
was carried out in base pressure of 10−10 mbar. The Al Ka X-ray (hm = 1486.7 eV)
line was used for the analysis. The system is having resolution of 0.6 eV. Survey
scan were recorded with 50 eV pass energy using hemispherical analyser in con-
stant energy mode. The same XPS analysis was also carried out on the starting
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target material used for the sputter deposition of the film. The composition of the
target material and that of the deposited film were compared by using the target
material as a standard. The XRR measurements were carried out in grazing angle of
0°–3°. The XRR simulations were carried out using X’Pert reflectivity PANalytical
simulation software. The experimental reflectivity plot was compared to the sim-
ulated results. The best fitting of the simulated plot with experimental plot was
obtained by taking different parameters like thickness of the layer, density of the
layer into consideration. The surface roughness of the layers was measured by
atomic force microscopy (AFM) technique. AFM scans were taken in 2µ � 2µ and
5µ � 5µ area. The samples were cleaved along the (110) cleavage plane after
deposition of the layers for the SEM cross-section measurement for the exact film
thickness determination. The break down voltage of the films was measured by a
curve tracer with current injecting probes.

148.3 Results

The XPS technique is highly surface specific due to the short range of the photo-
electrons that are excited from the solid. The energy of the photoelectrons leaving
the sample is determined using an analyzer and this gives a spectrum with a series
of photoelectron peaks. The binding energy of the peaks are characteristic of each
element and its chemical environment. So based on the characteristics binding
energy the chemical analysis of the as grown thin film of titanium oxide was done.
Figures 148.1a and 148.2a show the Ti 2p photoemission spectra of the titanium
oxide target and its 78 nm as-grown thin film deposited on silicon oxide layer. The
binding energy of the two peaks, denoted by Ti (2p3/2) and Ti (2p1/2), are visible
due to spin orbital splitting (the doublet separation between the 2p1/2 and 2p3/2
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peaks of *5.8 eV), shows the oxidation states of Ti4+. The position of the Ti2p3/2
peak at 458.5 eV in target and that 459.0 eV indicate the presence of Ti4+ oxidation
states [4–7].

Figures 148.1b and 148.2b show the corresponding O1s data of the target and as
deposited thin film. Two peaks were deconvoluted, the major peak at the binding
energy of 530.4 eV corresponds to the oxygen bounded to Ti as TiO2 and the
smaller peak which is located at higher binding energy of *532.1 eV is due to the
adsorbed oxygen. The O1s peak at lower binding energy is assigned to oxygen
bound to tetravalent Ti ions [5, 6, 8, 9]. Also the accurate determination of stoi-
chiometry can be done using the integrated peak intensities (with appropriate
sensitivity factors). The stoichiometry of the deposited thin film was estimated from
the calculated relative sensitive factor of Ti with respect to O, from the titanium
oxide standard target used in the sputtering during the thin film growth. The RSF
was found to be 1.8 for the Ti to O ratio. The stoichiometry of the as grown thin
film was found to be TiO2 which corroborates well with chemical analysis done on
the basis of binding energy.

The thickness of the individual layers and the roughness were also calculated by
XRR technique. Figure 148.3 shows the specular X-ray reflectivity curves in the
incident angular range of 0°–2.5° which shows very pronounced thickness oscil-
lations (Kiessig fringes) indicating well defined interfaces (in terms of interface
roughness). From the fitting of the X-ray reflectivity data, film thickness and the
roughness were obtained. The film thicknesses obtained from XRR measurement
are 135 nm of SiO2 and 78 nm of TiO2. The surface roughness of the TiO2 layer
obtained from XRR is very low (about 0.30 nm), the interface roughness between
SiO2 and TiO2 layer is 0.50 nm and between TiO2 and GaAs substrate is about
0.5 nm (Table 148.1).

The AFM surface roughness of the individual SiO2 and TiO2 layer deposited on
GaAs is shown in Fig. 148.4a, b the roughness of the TiO2 layer is around 0.35 nm
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and the roughness of the SiO2 layer is around 0.5 nm in 5µ � 5µ area. The
microstructure of the film is smooth and devoid of any columnar nature.

The SEM Cross sectional image of SiO2/TiO2 layer on GaAs is shown in
Fig. 148.5a, different contrast of the SiO2 and TiO2 layer is clearly visible. The
layer thicknesses as measured from SEM cross section are 138.6 nm of SiO2 and
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Fig. 148.3 X-ray reflectivity plot of the SiO2/TiO2 layers on GaAs

Table 148.1 XRR fitting parameters of SiO2/TiO2 layers on GaAs

Thickness (nm) Roughness (nm)

TiO2 78 0.30

SiO2 135 0.50

GaAs 600,000 0.50

Fig. 148.4 a, b AFM surface roughness of SiO2 and TiO2 layer on GaAs
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78.14 nm of TiO2. The layer thicknesses matches with that obtained from XRR
measurement. The reflectivity versus wavelength spectra of the single pair of SiO2/
TiO2 material stack is shown in Fig. 148.5b. It shows the high reflectance band
around the desired wavelength of 808 nm.

148.4 Conclusion

The above coating scheme can be applied for the high reflection facet coating of
laser diodes starting from 400 nm to higher wavelength. The films with very good
surface and interface quality are obtained which are suitable for low loss optical
coating applications. The stable stoichiometric coating is suitable for reliable
applications.
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Chapter 149
MgZnO Based UV Heterojunction
Photodetector Fabricated Using Dual
Ion Beam Sputtering

Ritesh Bhardwaj, Pankaj Sharma, Md Arif Khan, Rohit Singh
and Shaibal Mukherjee

Abstract This abstract reports the realization of p-type conduction in Sb (5 at.%):
Mg0.10Zn0.90O (SMZO) grown in different growth ambient and then fabrication of
SMZO/n-Si based UV heterojunction photodetector grown by dual ion beam
sputtering (DIBS) system. The fabricated photodetectors were then probed for the
effect of growth ambient using current–voltage (I–V) and photoresponse measure-
ment on photodetector properties.

149.1 Introduction

The MgZnO/Si based UV heterojunction photodetector have already been
demonstrated by rf -molecular beam epitaxy, pulse laser deposition and metal
organic vapor deposition. However due to formation of SiOX during growth make it
challenging [1]. Therefore, in this abstract, we firstly report the p-type conduction in
SMZO films and then fabrication of p-MgZnO/n-Si based heterostructure
photodetector grown by dual ion beam sputtering (DIBS) system without using a
buffer layer in different growth ambient. The MgZnO/Si based heterojunction UV
photodetector as reported in literature are of type n-MgZnO/p-Si, no reports on
p-MgZnO/n-Si type heterojunction by sputtering exists. So, in this article we have
demonstrated for the first-time realization of p-MgZnO/n-Si heterojunction
based UV photodetector using DIBS. The details of DIBS system is described
elsewhere [2].
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149.2 Experimental Details

DIBS system has been deployed for the deposition of SMZO (*200 nm) based UV
heterojunction photodetector in pure Ar (D1) and in Ar:O2 (2:3) (Oxygen flow rate:
3 sccm) (D2) ambient at 500 °C. In both D1 and D2, SMZO (*200 nm) was
deposited on n -Si substrate. Postdeposition annealing was carried at 800 °C in
Oxygen for 30 min to achieve p-type conduction. Vacuum annealed Indium con-
tacts are used for contact formation. The absorption coefficient, I–V and photore-
sponse results are discussed.

149.3 Results and Discussions

The p-type conduction in SMZO is achieved with low resistivity of 9.53 � 10−4

Ω cm and 7.25 � 10−4 Ω cm in D1 and D2 with bandgap of 3.58 and 3.47 eV,
respectively as shown in Fig. 149.1a. To compare the crystalline quality the PL
spectra is shown in Fig. 149.1b, which clearly indicates that the film grown in Pure
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Ar is having more defects as compared to film grown in Ar:O2 (2:3) ambient. The
p-type conduction obtained in SMZO film may be due to formation of SbZn-2VZn

complex or Sb replacing oxygen (SbO) from its site, which act as native acceptor
defect. High temperature annealing and oxygen rich growth condition suppress the
formation of SbO. SbZn-2VZn complex is formed when one single Sb atom substitute
Zn atom and simultaneously associate with two zinc vacancy (VZn). Formation of
VZn is easier in MgZnO as addition of Mg lowers the formation energy of VZn.

Alloying of Mg in ZnO increases the band gap of ZnO by moving conduction
band edge towards higher energy leading to reduction of n-type carrier concen-
tration. Sb in ZnO acts as acceptor with acceptor energy level of 0.2 eV above
valence band. If Sb replaces Zn (SbZn) without forming SbZn-2VZn complex, it
shows donor behavior, which is not evident in our case. Therefore, p-type con-
duction obtained in our SMZO films can be attributed to the formation of low
energy shallow acceptor complex SbZn-2VZn, which prevails in oxygen rich growth
condition and high temperature annealing [3–7]. To make contact, indium is used
which were vacuum annealed at 300 °C for ohmic contact formation The fabricated
heterojunction photodetector shows rectifying behavior with rectification ratio
of *53 and *251 at ±4 V as shown in Fig. 149.1c and responsivity of 0.025 and
0.32 A/W at −30 V as shown in Fig. 149.1d.

149.4 Conclusion

We have successfully obtained p-type conduction in SMZO thin films in Pure Ar
and Ar:O2 (2:3) ambient. Based on which the p-SMZO/n-Si based UV hetero-
junction photodetector were fabricated using DIBS. Fabricated heterojunction UV
photodetector showed reasonable performance and are promising for future opto-
electronic applications.
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Chapter 150
Scaling of Silicon PIN Waveguide
Photodetector at 1550 nm Wavelength

Sreevatsa Kurudi, Riddhi Nandi and Bijoy Krishna Das

Abstract Single-mode silicon p-i-n waveguides with varying cross-sections have
been studied experimentally for on-chip photodetection at an operating wavelength
k * 1550 nm. It has been shown that the quantum efficiency increases with
decreasing waveguide cross-section. The performance of such a photodetector can
be modelled in terms of density of surface states, bulk two photon absorption
co-efficient, and waveguide loss parameters.

150.1 Introduction

On-chip photodetectors play a vital role in integrated silicon photonics circuit in
silicon-on-insulator (SOI). Silicon being transparent at communication wavelengths
(1300 and 1550 nm), germanium or III-V semiconductors are usually integrated for
photodetection. Alternatively, silicon waveguide p-i-n diode is proposed for pho-
todetection either by implanting defect states in the intrinsic region [1] or through
controlling defect states in core-cladding interface [2]. The implanted defects create
additional optical loss, higher dark currents, and requires higher operating voltage.
In this paper, we experimentally investigate diffusion doped p-i-n waveguide
photodetectors with varying cross-sections operating at k * 1550 nm. The
waveguides are designed for single-mode guidance with thermally grown SiO2

cladding. Fabrication process steps and characterization results are given in
Sects. 150.2 and 150.3, respectively.
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150.2 Fabrication

First, waveguides fabricated (on 5- and 2-lm SOI substrate) using standard pho-
tolithographic definition followed by reactive ion etching process. Afterwards,
thermal oxide was grown for masks during diffusion doping of n-type (phospho-
rous) and p-type (boron) impurities step by step. Same diffusion parameters were
used for both the waveguide cross-sections and typical junction depths for both p-
and n-impurities were adjusted to * 1-lm. Finally, surface was passivated with
SiO2, aluminium was deposited, and contacts were made for probing p-i-n diodes.
Figure 150.1 shows the schematic cross-section and microscopic image of fabri-
cated sample. The length of the p-i-n diodes are varied from 100 lm to 5 mm for
experimental studies.

Fig. 150.1 a Cross sectional view of waveguide integrated with a lateral p-i-n diode.
b Microscopic top view of fabricated p-i-n diodes of various length with waveguide

Fig. 150.2 Reverse bias I–V characteristics at various optical power levels for a 5-lm waveguide;
b 2-lm waveguide
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150.3 Characterization

Figure 150.2 shows the characterization results of p-i-n diodes under reverse bias
with light (k * 1550 nm) coupled to waveguides. The photocurrent, I was fitted
with quadratic function of throughput power (I = APt

2 + BPt + C), with fitting
constants (A, B, C). It is observed that the quantum efficiency increases with
decreasing waveguide cross-section. Although diodes are of different lengths, ten
times increase in photocurrent is observed for same optical power level.

References

1. M.W. Geis et al., CMOS-compatible all-Si high-speed waveguide photodiodes with high
responsivity in near-infrared communication band. IEEE Photonics Technol. Lett. 19(3), 152–
154 (2007)

2. Y. Li et al., Characterization of surface-state absorption in foundry-fabricated silicon ridge
waveguides at 1550 nm using photocurrents, in Conference on Lasers and Electro-Optics.
Optical Society of America (2016), p. SM2G.4

150 Scaling of Silicon PIN Waveguide Photodetector … 987



Chapter 151
Photo-Response of Carbon Nanotubes
and Si Junctions

Shivani Dhall and B. R. Mehta

Abstract In this work, we have investigated the effect of light on the single walled
carbon nanotubes (SWCNTs) and silicon (Si) interface. It is observed that, chemical
stimulated SWCNTs/Si interface shows better rectifying behavior as compared to
pristine SWCNTs/Si interface. Moreover, the power conversion efficiency for
functionalized SWCNTs/Si interface is 1.4% which is mainly due acid doping in
CNTs. The outcome of the present work might provide a new avenue for designing
optoelectronic and light-energy conversion devices.

151.1 Introduction

The carbon based materials viz. fullerene, graphene and carbon nanotubes (CNTs)
has attracted remarkable scientific interest because of excellent chemical, physical
and electrical properties [1]. Among aforesaid materials, CNTs exhibit attractive
optical properties, viz broadband and tuneable light absorption, which make them
strong candidate for photodetectors. Recently, SWCNTs based photo-detector has
been used to develop prototype infrared (IR) camera [2]. CNTs based
photo-detector shows exceptional properties in IR detection with ease of con-
struction, low fabrication cost and high performance [3, 4].

Here, we demonstrate simple and effective technique for the fabrication of
CNTs/Si interface for the application of photo-sensor. Also, we have systematically
investigated the role of chemically stimulated SWCNTs on the photo-sensitivity as
compared to pristine SWCNTs. It was observed that acid infiltration of nanotubes
proved helpful in improving rectifier behavior of the interface and their
photo-response.
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151.2 Experimental Method

Pristine single walled carbon nanotubes (SWCNTs) were procured with a purity
level >95%. 0.5 M nitric acid (HNO3) was used for acid stimulation of the nan-
otubes. Firstly, pristine SWCNTs were heated in electric oven for 4 h at 400 °C to
remove the impurities such as metal particles and amorphous carbon. These nan-
otubes were dissolved in a 0.5 M HNO3 and stirred at room temperature for 5 h.
Afterwards, this solution was kept at room temperature for 10 h. The acid was
removed by centrifugation and washing with deionized water. These tubes were
filtered and dried in electric oven at 100 °C. The so obtained tubes were dispersed
in dimethyl formamide (DMF) solvent. Functionalized nanotubes reduce the
tube-tube Vander Waals attraction and are soluble even in water.

SWCNT/Si interface was fabricated by depositing p-type SWCNT onto n-type
Si substrate. An n-type Si wafer with 375 nm thickness of silicon dioxide (SiO2)
was used as the substrate. The back side of this substrate was chemically etched
with hydrofluoric acid (HF) and the aluminum (Al) metal is deposited as back
contact using thermal evaporation. After that, windows with desired area are fab-
ricated by chemical etching of SiO2 and then each window makes one active device
area. The well dispersed nanotubes were deposited on desired active window by
using drop-casting method. For making top contact Ag paste was used. The detail
of adopted process is shown in Fig. 151.1.

Fig. 151.1 Schematic shows
the steps involved in the
fabrication of SWCNTs/Si
interface
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151.3 Results and Discussion

Figure 151.2 shows SEM image of acid stimulated SWCNTs. Generally, HNO3

oxidized CNTs shows the intercalant in form of neutral HNO3 molecules admixed
with charged NO3

� ions and hence intercalated nanotubes act as p-type semicon-
ductors. The reactions involved in this process are:

HNO3 $ NO2
þ þNO3

� þH2O

NO2
þ þC ! Cþ þNO2 "

The room temperature I–V curve of the pristine SWCNT/Si and functionalized
SWCNTs/Si junctions in dark and light under 100 mW/cm2 as shown in
Fig. 151.3a, b. It is observed that, functionalized SWCNTs/Si interface in light
shows typical rectification behavior with an on/off ratio of 54 at ±0.9 V as com-
pared to pristine SWCNTs/Si interface. The rectifying characterstics can be
explained in terms of better interface between Si and functionalized SWCNTs. In
addition, open circuit voltage and short-circuit current density with 0.5% loading of
nanotubes was 0.8 V and 0.2 mA for functionalized SWCNTs/Si junction. The
power conversion efficiency measured at 1.5 mA was 1.4%, which shows the effect
of acid doping on CNTs/Si junction. It is observed that acid infiltration of SWCNTs
proved helpful for the removal of impurities such as amorphous carbon/disorder
and attach carboxyl/dangling bonds at ends of carbon nanotubes [5]. The presence
of functional groups on the surface on nanotubes proved helpful in making better
CNTs/Si interface, which ultimately improved their photo-response at room tem-
perature conditions. The proposed device structure does not need complicated
fabrication process and is fully compatible with the silicon technology.

Fig. 151.2 SEM image of
acid stimulated SWCNTs
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151.4 Conclusion

In summary, we have proposed the systematic study to investigate the effect of acid
stimulation on photo-response of SWCNTs/Si interface as compared to pristine
SWCNT/Si junction. It is observed that, acid doping of nanotubes significantly
affect the rectifying behavior and power conversion efficiency of solar cells which
highlight the role of attached functional groups.
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Chapter 152
Estimation of Current Conduction
Mechanisms Using Gated MWIR
HgCdTe Photodiode

Nilima Singh, Arun Panwar and Raghvendra Sahai Saxena

Abstract The current conduction mechanisms in a HgCdTe MWIR photodiode
have been examined using standard gated diode structures. A sub-circuit model for
the I–V characteristic has been proposed and the experimental results have been
fitted in the proposed model with different gate voltages. It has been found that the
forward biased regime of the I–V characteristics of HgCdTe photodiode can be very
well represented by a combination of a shunt resistance and standard diode con-
taining thermal current components. The reverse current, other than the current
flowing through the shunt resistance, can be fitted using an empirical diode con-
nected in parallel with reverse polarity. The model has been found suitable to fit
variety of good and bad diode characteristics by varying the gate voltage of the
gated diode. This model is suitable for use in the VLSI circuit simulators to estimate
the FPA performance with various types of practical HgCdTe photodiode charac-
teristics in the array.

152.1 Introduction

Mercury cadmium telluride is used for fabricating high performance focal plane
arrays for high-end defence applications, such as thermal imaging and missile
guidance. The performance of these FPAs is governed by various current con-
duction mechanisms, mainly surface leakage current. The surface leakage current
largely depends on the quality of the passivation among various other factors. To
investigate this effect, we fabricated a gated HgCdTe photodiode and performed the
I–V characteristics measurements by varying gate voltage from −4 to 4 V. The gate
voltage modulates the surface condition of the diode and affects the surface leakage
current. The I–V characteristics with different gate voltages have been analyzed.
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We also developed a sub-circuit model to fit the measured I–V characteristics
and extracted various parameters to represent the diode characteristics in circuit
domain. This allows us to not only differentiate the shunt and thermal current
components but also enables the simulation of a complete FPA performance with
various types of HgCdTe photodiodes in VLSI circuit simulators.

152.2 Device Schematic and the Proposed Model

Schematic diagram of the gated MWIR Hg0.71Cd0.29Te photodiode fabricated in
n-on-p configuration at our laboratory is shown in Fig. 152.1a [1]. It consists of an
HgCdTe epitaxial film grown over semi-insulating CdZnTe substrate, passivated
with CdTe and capped by ZnS film. The I–V characteristics measurements were
performed at *80 K temperature in our in-house developed cryoprober [2].

A sub-circuit model proposed earlier [3] has been used to fit the measured I–V
characteristics. The model consists of a standard SPICE diode model that basically
represents the thermal currents, i.e., diffusion and generation-recombination
mechanisms. The ohmic shunt current representing the surface leakage mecha-
nism and/or the current through dislocations is represented by a shunt resistance,
RSh. The photocurrent has been modelled using a constant current source. The
reverse biased excess dark current, investigated earlier by Gopal et al. [4] has been
fitted in this work using a reverse connected diode in the proposed sub-circuit
model, as shown in Fig. 152.1b.

The parameters used for fitting the gated diode characteristics in this model for
different gate voltage are given in Table 152.1.

Fig. 152.1 a Schematic cross-sectional view of an HgCdTe gated diode structure, b equivalent
circuit model of HgCdTe photodiode [3]
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152.3 Results and Discussion

152.3.1 Extraction of Model Parameters from Experimental
Data

The IV curves of these gated photodiodes have been fitted using model described in
Sect. 152.2 and the related fitting parameters extracted at different gate voltages are
shown in Table 152.2. Figure 152.2 shows the fitting of experimental dark char-
acteristic of gated HgCdTe photodiode with different gate voltages.

It may be noticed that the proposed model fits the experimental data very well
both in forward as well as in reverse bias region. In the reverse region, the dark
current is fitted perfectly with the diode connect in reverse w.r.t. the main diode.

Table 152.1 Fitting parameters for sub-circuit model

S.
No.

Parameter Description

1 Rsh Shunt resistance

2 Rs Series resistance

3 Iof Thermal saturation current for forward bias diode

4 ηf Ideality factor for the forward bias region

5 Iph Photocurrent

6 Ior Thermal saturation current for reverse diode (empirical fitting
parameter)

7 ηr Ideality factor of reverse diode (empirical fitting parameter)

Table 152.2 Extracted fitting parameters of HgCdTe photodiode at different Gate bias

VG

(V)
Voc

(mV)
IPh
(nA)

Iof
(nA)

ηf Rs (Ω) RSh

(MΩ)
Ior (µA) ηr

−4.0 65 34.8 1.18 3.30 1814.5 0.67 −1.16 123.37

−3.0 80 34.1 0.436 2.98 1840.3 1.52 −1.15 290.13

−2.5 85 33.5 0.258 2.86 1847.0 2.09 −1.75 629.55

−2.0 95 32.8 0.129 2.70 1861.0 4.73 −1.82 1580.00

−1.5 95 31.9 0.131 2.70 1868.2 6.37 −4.77 5763.00

−1.0 100 30.9 0.079 2.60 1865.7 10.53 0.26 −585.20

0.0 105 28.8 0.003 1.94 1823.3 35.90 4.38 � 10−3 −80.13

1.0 100 29.7 0.002 1.82 1732.1 13.18 0.10 −316.48

152 Estimation of Current Conduction Mechanisms … 995



152.3.2 Correlation of Sub-circuit Model Parameters
with Physical Model

We generated 10,000 samples of physical model parameter data using Gaussian
distribution with average and range as given in Table 152.3.

Then we generated 100 I–V characteristics using the parameters mentioned in
Table 152.3. The generated I–V characteristics are then fitted using the sub-circuit
model and parameters for sub-circuit model are extracted. The correlation coeffi-
cients between the physical parameters and fitting parameters are calculated as
shown in Fig. 152.3.

By examining the correlation matrix as shown in Fig. 152.3, we found that the
physical and circuit model parameters show good correlation between them. The
parameters Iof and ηf of circuit model show strong dependence on sGR parameter of
physical model. Ior and ηr parameters of circuit model are dependent on RShP and Et

of physical model respectively, whereas Rs and RSh parameters of circuit model
correlate with RSP and RShP of physical model.
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Table 152.3 Various physical input parameters and their histograms

Parameter Description Range of values Distribution
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152.4 Conclusion

We have fitted the electrical characteristics of the gated MWIR HgCdTe photodiode
with a sub-circuit model and the extracted the important model parameters
including their variations with gate voltage. This shows the appropriateness of the
sub-circuit model to represent different types of photodiode behaviour with different
surface leakages. The physical parameters and sub-circuit model parameters show
the good correlation between them. These parameters can be plugged-in into the
SPICE circuit simulator for detector simulation along with ROIC, paving the way
for complete FPA simulation.
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Chapter 153
Synthesis of 2D MoS2 Nanosheets
by Facile Hydrothermal Method for Its
Functioning as Multi Wavelength
Optical Sensing

Nahid Chaudhary, Abid, Manika Khanuja and S. S. Islam

Abstract MoS2 Nanosheets were synthesized by facile hydrothermal method.
RAMAN spectroscopy was used to characterize the synthesized sample. Further
optical sensor was fabricated on silicon substrate by depositing the hydrothermally
synthesized MoS2 by drop casting technique. The response of the sensor was found
to be highly sensitive to the lasers used in the experiment. The sensitivity of the
fabricated optical sensor was found to be more than 18 µA/W.

153.1 Introduction

Two-dimensional (2D) semiconductors are of interest for numerous device appli-
cations, as they can provide excellent scalability and ease of integration onto
arbitrary substrates and high performance transistors have been demonstrated with
various 2D materials. MoS2 is a promising 2D materials for use in
metal-oxide-semiconductor field-effect transistors (MOSFETs) [1]. The rise of
graphene has provided researchers in the field with tools and skills to pursue the
study of other layered 2D materials. MoS2 comes from the family of layered
transition-metal dichalcogenide (MX2, M = Mo, W; X = S, Se, Te). The atomic
structure of MoS2 is a hexagonal arrangement of Mo and S atoms layered on top of
each other to form a trigonal prismatic arrangement. The spacing between layers in
a crystal is 6.5 Å. Bulk MoS2 is an indirect-gap semiconductor with a band gap of
1.29 eV. However, monolayer MoS2 is a direct band-gap semiconductor with a
band gap of 1.9 eV also making it optically active in the visible range [2].
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153.2 Experimental Details

Hydrothermal method was used to synthesize MoS2 nanosheets. Figure 153.1
shows the synthesis process of MoS2 nanosheets.

The synthesize nanosheets of 1 wt% was taken and sonicated in Acetone. The
slurry was deposited onto 1 cm2 wattman paper. Further silver paste is deposited on
both the sides and dried at 50 °C for 30 min to have good contacts.

153.3 Results

Raman spectroscopy was carried out illustrated in Fig. 153.2a. Two peaks are
found at 384 and 407 cm−1 that reveals that ultrathin MoS2 nanosheets were
synthesized.

Fig. 153.1 Synthesis of MoS2 nanosheets

Fig. 153.2 a Raman spectra, b photoresponse of optical sensor at multiple wavelength (570, 635
and 785 nm)
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Figure 153.2b shows the change in resistance of optical sensor. The change is
due to generation of excitons when illuminated with particular wavelength of light
thereby increasing the photo current and decreasing the resistance. The photore-
sponse (PR) Iphoto, (Iphoto = Ilight − Idark) of the sensor found to be 0.52 µA at
570 nm but exceeds to 0.92 µA at the laser illumination of 635 nm. And then the
PR reduced to 0.70 µA when the sensor is illuminated with 785 nm excitation. This
make the sensor to work in the visible range of spectra.

153.4 Conclusion

Hydrothermal method was found to be a successful route to synthesize the ultra-thin
layers of MoS2. A deep and comprehensive study is done using three laser sources
onto the optical sensor. The photoresponse found to be stable and reproducible. The
maximum response reveals that the sensor could work efficiently under visible
range of spectra.
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Chapter 154
InGaN/GaN Multiple Quantum Well
Blue Light Emitting Diodes
with Transparent Ni/ITO and Pt/ITO
p-Type Contacts

Kuldip Singh, A. Chauhan, Manish Mathew, Rajesh Punia
and Rajender Singh Kundu

Abstract InGaN/GaN multiple quantum wells (MQWs) light-emitting diodes
(LEDs) with Ni/ITO (5/50 nm) and Pt/ITO (0.8/50 nm) current spreading layer
were investigated. The electrical and optical properties of Ni/ITO and Pt/ITO films
were also investigated. It was found that the normalized transmittance of Ni/ITO
and Pt/ITO films could reach 79.22 and 78.98% at 460 nm, which was almost
equal. It was also found that Pt/ITO had showed better linear current–voltage
characteristics compared to Ni/ITO contacts. The specific contact resistance for Pt/
ITO contacts was 5.88 � 10−2 Ω cm2, while for Ni/ITO contacts, it was
5.66 � 10−1 Ω cm2 i.e. *10 time more. The EL intensity of blue LED was much
higher with Pt/ITO p-contact compared to Ni/ITO p-contact. The forward voltages
(VF) of LEDs for two contacts (Ni/ITO and Pt/ITO p-contacts) at 20 mA current
injection were found 4.49 and 3.5 V, respectively.

154.1 Introduction

The III-nitrides based light-emitting diodes (LEDs) [1, 2] and third generation solar
cells [3] are the key devices for energy saving and energy generation. The low
resistance and high transparent ohmic contacts to p-type GaN are the main concern
for generation of more efficient devices. Throughout the III-nitrides, holes con-
duction is more limited compared to electron transport. The low contact resistance
and with transparency are the most key parameters for fabrication of high efficiency
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and high reliable LEDs. Though, the contact resistance and current spreading may
be easily improved by increasing the thickness of metal stack, but the higher metal
thickness will decrease the transmittance of the film. For p-type GaN, Ni/Au
semitransparent p-contacts are most commonly used. The reported specific contact
resistance values are ranging from 4.4 � 10−3 Ω cm2 to 5 � 10−4 Ω cm2 [4, 5].
The transmittance around 65–75% in the visible range has been reported [6, 8].
However, the transparency of Ni/Au metal contacts may be increased by reducing
the thickness of Ni and Au but the contact reliability could become an issue, when
the contact layer thickness becomes too thin. Intium tin oxide (ITO) layer has good
transparency 80–95% in the visible range, but it has non-ohmic contact behavior to
p-GaN [9], with specific contact resistance in the range of 10−1 Ω cm2 [10].
Therefore, ITO contact could not be suitable for highly reliable GaN based-LEDs.
Metal/ITO contacts were also reported to p-GaN [11, 12]. In this article, we study
Ni/ITO and Pt/ITO contacts to p-GaN. We deposited Ni/ITO (5/50 nm) and Pt/ITO
(0.8/50 nm) films by electron beam evaporation onto p-GaN. The optical and
electrical properties of these films were investigated. Furthermore, InGaN/GaN
MQWs blue LEDs were also fabricated using these two type p-metal contacts. The
electrical and optical characteristics of fabricated blue LEDs will be also reported.

154.2 Experiment

Samples used in this study were grown by metal-organic chemical vapor deposition
(MOCVD). The LED epitaxial layer structure was grown on GaN substrate.
The LED epilayer structure consists of, a *3 µm thick n-GaN with Si doped, an
active region, a *30 nm thick AlGaN electron blocking layer (Mg-doped) and
150 nm thick p-GaN (Mg-doped). The active region consists of five 3/10 nm
InGaN/GaN quantum wells embedded between n-GaN and p-GaN layers. During
growth of these layers, trimethylindium (TMIn), gallium (TMGa), trimethylalu-
mium (TMAl) and ammonia (NH3) were used as the source materials of In, Ga, Al
and N, respectively. Bicylopentadienyl magnesium (CP2-Mg) and silane (SiH4)
were used as the p-type and n-type dopants. For activation of Mg, the grown wafer
was annealed at 700 °C for 1 min in N2 ambient in rapid thermal annealing system.
The measured holes concentration and holes mobility were about *1 � 1017/cm3

and 2.0 cm2/V s.
In order to measure the transmittance and specific contact resistance of the Ni/

ITO (5/50 nm) and Pt/ITO (0.8/50 nm) films, first epitaxially grown samples and
glass substrates were cleaned with acetone, isopropyl alcohol and deionized water.
The TLM pattern with pad size of 200 µm � 200 µm with spacing of 5, 10, 15, 20,
25 and 30 µm were defined by UV lithography. Next, we deposited these films on
glass substrates and patterned TLM structures on epitaxially grown LED sample by
electron beam evaporation at 1.2 � 10−6 torr. Prior to deposition of metals, TLM
patterned samples were pre-etched at room temperature in HCl and DI water
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solution in ratio of (1:1) for 40 s to remove the native oxide. For comparison of
transmittance of Ni/ITO and Pt/ITO films, glass substrates were coated with these
films and then annealed at 500 °C for 5 min in rapid thermal annealing
(RTA) system in the N2 + O2 ambient. The transmission spectra of coated films
were then measured by USB4000 (Ocean optics) spectrophotometer. The linear
transmission line model (L-TLM) was used to determine the specific contact
resistance of these metal contacts onto p-GaN.

Moreover, to see the impact of these contacts on electrical and optical properties
of blue LEDs, the InGaN/GaN MQWs based blue LEDs on GaN substrate were
also fabricated. First MOCVD grown two LED samples of size 1 cm � 1 cm, were
cleaned in acetone, methanol, isopropyl alcohol and then rinsed with de-ionized
water. After cleaning of samples, Ti/Al/Ni/Au (30/150/20/50 nm) metals were
evaporated on n-GaN surface by e-beam system. To reduce the contact resistance
on n-contact, the samples were annealed at 830 °C for 30 s in rapid thermal
annealing system in nitrogen ambient. This multilayer metals deposited on n-GaN
served as n-electrode. After formation of n-contact, the transparent layers of Ni/ITO
(5/50 nm) and Pt/ITO (0.8/50 nm) were deposited on p-GaN surface of two LED
samples. Before loading the samples in e-beam system, they were pre-etched at
room temperature in HCl and DI water solution in ratio of (1:1) for 40 s to remove
the native oxide. To form ohmic contacts, samples were annealed at 500 °C for
5 min in N2 + O2 ambient. Finally, Ni/Au (10/300 nm) were deposited on n and p
electrodes and served as n and p-contact pads for electrical connection. The room
temperature current–voltage (I–V) and electroluminescence (EL) of the fabricated
blue LEDs were evaluated.

154.3 Results and Discussion

Figure 154.1a, b shows the microscopic photograph of fabricated vertical blue
light-emitting diodes with Ni/ITO and Pt/ITO p-contacts. Figure 154.1c, d shows
blue light emission at 20 mA current injection. The size of blue LED chips were
1.2 mm � 1.0 mm. Figure 154.2 shows the optical transmittance as a function of
wavelength for p-contact layers (Ni/ITO and Pt/ITO). In this figure, the transmit-
tance of each film was normalized with respect to the transmittance of the glass
substrate. It is clear from transmission spectra, that Ni/ITO p-contact had the
transparency (*79.22%) while, Pt/ITO p-contact had the transparency (*78.98%)
at 460 nm. Such results indicate that Ni/ITO (5/50 nm) and Pt/ITO (0.8/50 nm)
films have almost equal transmittance. Also, the electrical properties of contacts are
also important. Figure 154.3 shows I–V characteristics of Ni/ITO and Pt/ITO
p-contacts. It was found that Pt/ITO p-contacts show more linear characteristics
compared to Ni/ITO p-contact. The more linear I–V characteristics of Pt/ITO
contact may be attributed to large work function of Pt (6.35 eV) compared to Ni
(5.01 eV). The specific contact resistances of Ni/ITO and Pt/ITO contacts to p-GaN
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were found 5.66 � 10−1 Ω cm2 and 5.88 � 10−2 Ω cm2, respectively. These
results indicate that Pt/ITO contacts had lower specific contact resistance compared
to Ni/ITO contacts. The lower specific contact resistance of Pt/ITO contacts may be
attributed to again high work function of the Pt in contact with the p-GaN [10].
Such results indicate that even the transmittance of Ni/ITO film is slightly higher
than Pt/ITO contact but it has higher specific contact resistance (*10 times more).
Therefore, Pt/ITO contacts to p-GaN may be the good choice for fabrication of high
brightness nitride based blue LEDs.

Figure 154.4 shows the I–V characteristics of fabricated vertical blue LEDs with
Ni/ITO and Pt/ITO p-contacts at room temperature. The forward voltages (VF) at
20 mA for blue LEDs with Ni/ITO and Pt/ITO p-contacts were found 4.49 and
3.5 V, respectively. The forward voltage (VF) of blue LED with Pt/ITO transparent
contact was found much lower compared to Ni/ITO contact. Such differences in
forward voltage of blue LED was mainly due to difference in specific contact
resistance of these two metal contacts to p-GaN.

Figure 154.5 shows the measured room temperature 20-mA EL spectra of blue
LEDs with Ni/ITO and Pt/ITO p-contacts. From EL spectra, it can be seen that
position of EL is almost at the same position peak around 452 nm, but LED with

Fig. 154.1 Images of fabricated blue LEDs: a Ni/ITO (5/50 nm) p-contact; b Pt/ITO (0.8/50 nm)
p-contact; c blue emission at 20 mA current injection with Ni/ITO (5/50 nm) p-contact; d blue
emission with Pt/ITO (0.8/50 nm) p-contacts
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Ni/ITO p-contact had lower EL intensity, while the blue LED with Pt/ITO had the
much larger EL intensity. Such results agree with the results shown in Fig. 154.3
and may be attributed to better current spreading and lower specific contact resis-
tance of Pt/ITO contacts compared to Ni/ITO contacts.
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154.4 Conclusion

We have deposited Ni/ITO and Pt/ITO films on both glass substrates and p-GaN. It
was found that the normalized transmittance was 79.22% (Ni/ITO) and 78.98% (Pt/
ITO) at 460 nm, respectively. It was found that Pt/ITO form good ohmic contact on
p-GaN. The measured specific contact resistances for Ni/ITO and Pt/ITO p-contacts
were found 5.66 � 10−1 Ω cm2 and 5.88 � 10−2 Ω cm2, respectively. The InGaN/
GaN MQWs GaN blue LED using Ni/ITO and Pt/ITO as transparent p-contact were
also fabricated and characterized. The forward voltage of blue LED with Pt/ITO
(0.8/50 nm) p-contact was 3.5 V, while for LED with Ni/ITO p-contact was
4.49 V. The EL intensities of blue LEDs with current injection of 20 mA with these
p-contacts were also measured and it was found that EL intensity of blue LED with
Pt/ITO p-contact had much large compared to LED with Ni/ITO p-contact.
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Chapter 155
Investigation of Electronic and Optical
Properties of GaSbBi/GaAs Type-II
Quantum Wells Using 14-Band k � p
Hamiltonian

Indranil Mal, Asish Hazra, D. P. Samajdar and T. D. Das

Abstract In order to investigate the electronic and optical properties of GaSbBi/
GaAs type-II quantum well (QW) system, the well-established 8-band k � p
Hamiltonian has been extended to a 14-band matrix. Incorporated dilute Bi in GaSb
perturbs the valence and conduction bands of the host material, which leads to a
reduction in band gap by about 40 meV/%Bi and an increase in spin-orbit splitting
(SO) energy by *21 meV/%Bi. In case of bulk GaSb0.987Bi0.013, the anticrossing
interaction between Bi resonant states and host atom reduces the bandgap (51 meV)
and enhance the SO energy (27 meV) of GaSb. A compressive strain of 7.3%
perceived in GaSbBi/GaAs QW leads to a substantial increment in the band gap and
SO energy to 1.12 eV and 1.217 eV respectively. Better confinement of carriers
have been achieved owing to suitable tuning of valence band (VB) and conduction
band (CB) offsets, which indeed assist to achieve an optical gain as high as 70/m−1

near the 2.2 µm mid-infrared window for a Type-II QW system.
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155.1 Introduction

In the quest of potential candidate with greater structural, electronic and optical
properties worthy for optoelectronic applications, III-V alloys have been studied
extensively for the last few decades. Dilute Bi containing III-V alloy, GaSbBi can
mitigate the desired properties in order to design the devices for technologically
significant mid-infrared (2–5 lm) window, for materials processing, bio-molecular
sensing, spectroscopy, security and industrial applications [1–5]. Bi incorporation
helps to achieve the desired optoelectronic properties through bandgap tailoring, [6]
which fascinates the researchers to extensively study these materials both theoret-
ically [6–11] and experimentally [12–15]. In order to theoretically investigate the
optoelectronic properties of GaSbBi/GaAs heterostructures, a 14 band k � p
Hamiltonian has been considered, which is an extended version of Valence band
Anticrossing (VBAC) [7] model. Strain is a fundamental parameter in order to tune
the optical confinement and here strain has been introduced in two forms: incor-
poration of comparatively larger size Bi into GaSb leading to lattice misfit with the
host and selection of the substantially-studied and cost-effective substrate GaAs for
Type-II QW structures. Type-II heterostructures exhibit numerous advantages such
as charge separation, owing to the presence of the built-in electric field inside the
heterostructures [16] and greater value of the electron-hole envelope function,
increase the radiative efficiency of the heterostructures [17]. Recently Das et.al. [18]
reported some interesting results on the optoelectronic properties of Type-II
GaSbBi/GaAs QDs by analysing the growth properties and low temperature and
power dependent photo-luminescence spectra.

In order to evaluate the optical gain of GaSbBi/GaAs Type-II QW, the electronic
band structure near the band edge, SO energy, effective mass of the charge carriers,
conduction and valence band offsets and several sub-band energy levels as a
function of Bi concentration have been computed under the vicinity of 14 band k �
p Hamiltonian through the incorporation of the effect of strain.

155.2 Theoretical Modeling

Incorporation of dilute impurity atoms create isoelectronic localized defect states
close to the extended Valence band of host materials. These resonant states interact
with the light hole (LH), heavy hole (HH) and SO bands of the host material and
split the sub bands into corresponding E+ and E− energy bands, where E+ and E−

represent the extended nature of host material and the defect states respectively
[19]. As a result, the effective band gap reduces and SO energy increases due to the
anti crossing interactions. Defect states occurring near conduction band or valence
bands depend on electronegativity of the impurity atoms; impurity atoms like Bi
will form isoelectronic defect states close to the Valence band of host material
(GaSb), which is illustrated as valence band anticrossing (VBAC) or 14-band
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k � p Hamiltonian. The 6 (Bi) related p-like impurity states perturb the basic 6� 6
system Hamiltonian [19] and result in 12� 12 Hamiltonian. By considering con-
duction bands, we will have H14�14 Hamiltonian [19], which is the extended form
of H12�12 Hamiltonian.

The consequences of strain are of prime concern in Quantum confined
heterostructures for achieving better optoelectronic properties. Strong lattice mis-
match between the QW material and the substrate material offers a substantial
amount of conduction and valence band offsets. Hydrostatic strain acts uniformly
irrespective of effective mass of the carriers of the corresponding sub bands and the
shearing strain acting on the HH and LH sub bands which breaks the degeneracy of
HH and LH at C = 0, as is predicted by VBAC model. Hence Bir-Pikus
Hamiltonian is used to calculate the perturbation in the strain influenced
Hamiltonian for GaSbBi/GaAs QWs [20].

The optical gain gð�hxÞ of GaSbBi/GaAs Type-II QWs has been estimated by
considering all the inter-band transitions between corresponding sub bands in
accordance with density matrix theory [11]. A conventional method [11] based on
the intra-band carrier relaxation time sin approximation, the Lorentzian function
with appropriate broadening time (1� 10�14 s) convoluted with carrier relaxation
time has been considered to evaluate optical gain spectra [11] as follows:

g �hxð Þ ¼ pq2

nrce0m2
0xLw

X

n;m

Z1

0

kpdkp
2p

Mnm kp
� ��� ��2L Ec;v

n;m kp
� �� �

f cn Ec
n kp
� �� �� f vm Ev

m kp
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where c; e0 are the velocity of light and permittivity in free space respectively, nr is
the refractive index of the QW material, Lw is the thickness of the QW along growth
direction, kp is the in-plane wave vector, Mmn kp

� �
is the momentum matrix element

between the mth valence sub band and nth CB sub band. f cn and f vm are the
Fermi-Dirac distribution for electrons and holes, respectively.

155.3 Results

Figure 155.1 shows the comparison between the relative energy positions of the
CB, HH/LH and SO sub bands of GaSbBi/GaAs QWs and bulk GaSbBi as a
function of Bi concentration at the C point. The hydrostatic strain component
elevates the CB through a value of 0.66 eV with respect to bulk material. In the case
of GaSbBi/GaAs QW, the HH, LH and SO bands change with a slope of 21.3 meV/
%Bi, 12.8 meV/%Bi and 11.2 meV/%Bi respectively.

Computation of the eigen values of the 14 band system Hamiltonian produces
the E-k diagrams of bulk and QWs shown in Fig. 155.2a, b respectively along D
direction. It is prominent from the Figures that 1.3% of Bi incorporation in GaSb
drives the CBM downward by 36 meV, the VBM and SO upward by 15 meV and
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10.3 meV respectively, as a result there is a substantial amount of band gap
reduction of *51 meV (*39 meV/%Bi). Our computed values of band gap
reduction agrees well with experimental results [8, 9, 13, 14]. Nevertheless, the
compressive strain owing to the growth of GaSbBi over GaAs affects the band
structure (BS) significantly. The lifting of degeneracy of the LH and HH bands near
the Brillouin zone center and the uplift of the CB leads to a substantial amount of
increase in band gap about 1.12 eV. The substantial separation between LH and HH
bands by about 373 meV, shows good agreement with [18], where they have
reported about 400 meV of separation between the two sub bands. A downshift
about 230 meV of the SO band (ESO) has been observed. The crossover of Dso than
Eg observed in GaSbBi [19], assist the suppression of the nonradiative Auger
recombination loss process in optoelectronic devices and reduce the lifetime of the
conduction electrons.

The effective masses of charge carriers corresponding to different sub bands
calculated under the vicinity of the Brillouin zone center, play a significant role in
optical gain calculation. The change in effective masses as a function of Bi con-
centration at room temperature along D direction is depicted in Fig. 155.3.

The electron effective mass m�
e deduced from the value of m�

cb ¼ 0:09 m0, which
is greater than the value of GaSb (0.039 m0 ) owing to the effect of strain which
reduces the mobility of electrons to some extent. While m�

hhþ and m�
soþ first

increases slightly and then decreases with Bi concentration, m�
lhþ shows steady

decrease though the rate of decrease in all the three cases is quite lesser in com-
parison to that of m�

cb. The effective masses of the carriers belonging to the E− sub
bands are not shown in the figure as they exceed the free electron mass m0 and are
not considered for enhancing the optoelectronic properties of semiconductor
devices.
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Band offset is one of the most significant parameters in order to calculate the
optical gain. The changes of CB offset and VB offset as a function of Bi for strained
QW is shown in Fig. 155.4. In case QW structures, the HH and LH offsets increase
very slowly as a function of Bi concentration and almost with same slope whereas
the CB offset increases more rapidly than VB. The greater amount of HH, LH and
CB offsets of 0.99, 0.4425 and 0.62 eV respectively results in higher confinement
potential of both the electrons and holes in the CB and VB. In Fig. 155.5, we have
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drawn the comparative study of VB and CB offset ratio where CB offset ratio is
almost 2.5 times of VB offset ratio.

Figure 155.6 shows the optical gain as a function of photon-energy for different
injected carrier concentrations. The peak of optical gain shifts towards higher
wavelengths with the increase in injected carrier concentration of the
GaSb0.987Bi0.013/GaAs QWs with 10 nm active layer. Increase in the rate of
injected carrier density amends the difference between the Fermi functions thereby
improving the gain within the desired mid infrared region. The inset shows a plot of
the optical gain as a function of photon energy for a constant carrier concentration
of 9.5 � 1016 m−2. The gain curve shows four peaks which may be due to the inter
band transitions occurring in GaSbBi/GaAs QWs between the conduction sub
bands and LH and HH valence sub bands.
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155.4 Conclusions

Electronic band structure of GaSbBi/GaAs Type-II QW have been calculated under
the vicinity of 14 band k � p Hamiltonian. VBAC models helps to anticipate the
subsequent reduction of bandgap about 51 meV through 15 meV rise in Valence
band maxima (VBM) and 36 meV shrinkage in conduction band minima (CBM),
owing to 1.3% incorporation of Bi. Strain generated in the QW structure due to the
lattice misfit of GaSbBi and GaAs, plays a pivotal role in tailoring the electronic
properties of the QW. The hydrostatic strain component elevates the CBM through
0.66 eV, whereas the shear strain component split up the HH and LH band by 373
meV. Carrier effective masses and confinement potential plays a fundamental role
in order to evaluate the gain spectra of the QW system. GaSbBi/GaAs Type-II
heterostructures shows a wider gain spectra owing to several inter band transition
and the optical gain increases with an increase in surface carrier concentration.
Nevertheless, GaSbBi/GaAs QWs are the potential candidates for optoelectronic
applications owing to their various advantages. GaSbBi exhibits higher value of
spin-orbit splitting, which assists to sup-press the non-radiative Auger recombi-
nation and increase the efficiency of LASERs. The electron mobility remains
insensitive to Bi incorporation, since Bi affects the valence band of host material,
which facilitates to the improvement of the responsivity and sensitivity of GaSbBi/
GaAs QW based photodetectors and LASERs.

0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

50

60

70

0.2 0.4 0.6 0.8 1.0 1.2
0

10
20
30
40
50
60
70
80
90

100
110
120

G
ai

n 
(m

-1
)

Photon Energy (eV)

 1.5 × 1016 m-2

 2.5 × 1016 m-2

G
ai

n 
(m

-1
)

Photon Energy (eV)

Fig. 155.6 Optical Gain
GaSbBi/GaAs QW for
different surface carrier
concentration as a function of
photon energy. The inset
shows the optical gain for a
carrier concentration of
9.5 � 1016 m−2

155 Investigation of Electronic and Optical Properties … 1019



References

1. S.Y. Lin et al., Appl. Phys. Lett. 96, 123503 (2010)
2. M. Geller, C. Kapteyn, L. Müller-Kirsch, R. Heitz, D. Bimberg, Appl. Phys. Lett. 82, 2706

(2003)
3. A. Marent et al., Appl. Phys. Lett. 89, 072103 (2006)
4. J. Hwang, A.J. Martin, J.M. Millunchick, J.D. Phillips, J. Appl. Phys. 111, 074514 (2012)
5. S.Y. Lin et al., Appl. Phys. Lett. 96, 123503 (2010)
6. D.P. Samajdar, T.D. Das, S. Dhar, Mater. Sci. Semicond. Process. 40, 539 (2015)
7. K. Alberi, J. Wu, W. Walukiewicz, K.M. Yu, O.D. Dubon, S.P. Watkins, C.X. Wang, X. Liu,

Y.-J. Cho, J. Furdyna, Phys. Rev. B 75, 045203 (2007)
8. M.P. Polak et al., J. Phys. D Appl. Phys. 47, 355107 (2014)
9. M.P. Polak, P. Scharoch, R. Kudrawiec, Semicond. Sci. Technol. 30, 094001 (2015)

10. D.P. Samajdar, S. Dhar, Superlattices Microstruct. 89, 112 (2016)
11. I. Mal, D.P. Samajdar, T.D. Das, Superlattices Microstruct. 109, 442 (2017)
12. S.K. Das, T.D. Das, S. Dhar, M. de la Mare, A. Krier, Infrared Phys. Technol. 55, 156 (2012)
13. S.K. Das, T.D. Das, S. Dhar, Semicond. Sci. Technol. 29, 015003 (2014)
14. M.K. Rajpalke, W.M. Linhart, M. Birkett, K.M. Yu, J. Alaria, J. Kopaczek, R. Kudrawiec, T.

S. Jones, M.J. Ashwin, T.D. Veal, J. Appl. Phys. 116, 043511 (2014)
15. M.K. Rajpalke et al., App. Phys. Lett. 103, 142106 (2013)
16. H. Zhao, R.A. Arif, N. Tansu, J. Appl. Phys. 104, 043104 (2008)
17. R.A. Arif, H. Zhao, Y.K. Ee, N. Tansu, IEEE J. Quantum Electron. 44, 573 (2008)
18. T.D. Das, D.P. Samajdar, M.K. Bhowal, S.C. Das, S. Dhar, Curr. Appl. Phys. 16, 1615 (2016)
19. I. Mal, D.P. Samajdar, T.D. Das, Superlattices Microstruct. 106, 20 (2017)
20. G.L. Bir, G.E. Pikus, Symmetry and strain-induced effects in semiconductors (Wiley, New

York, 1976)

1020 I. Mal et al.



Chapter 156
Chemo-mechanical Polishing of HgCdTe
Epilayers Grown Using LPE Technique

Radheshyam Nokhwal, Akhilesh Pandey, B. L. Sharma,
Rachna Manchanda, Varun Sharma, Sandeep Dalal,
Raghvendra Sahai Saxena and R. K. Sharma

Abstract Surface preparation of HgCdTe epilayers was carried out using
chemo-mechanical polishing on pellon pad and nylon cloth pad and their results
were compared using X-ray topographs, which were recorded for the (440) and
(620) planes. The good cross-hatch lines were observed in case of Nylon pad
polishing. On the other hand, the surface structure is mosaic in case of pellon pad
polishing. Surface quality was also compared by defect etching and elongated
feature were reveled with the use of pellon pad, while these feature were not in case
of the polishing on nylon pad. AFM results were also compared as a function of
polishing procedure. Root mean square Roughness was measured after
chemo-mechanical polished using Atomic force microscopy, which was 1.37 and
0.74 nm at pellon and nylon pad respectively.

156.1 Introduction

HgCdTe (MCT) is a tunable band gap material which is sensitive to entire IR range.
The MCT material is very soft and prone to defects during processing. Surface
preparation is an important processing step in fabrication of IR detectors. It is
carried out by mechanical polishing of MCT epilayer followed by chemical pol-
ishing [1]. Crystalline quality of MCT surface is significantly important for opti-
mum detector performance. LPE grown MCT epilayers require surface preparation
to remove some mono-layers from the surface because of the growth terraces and
left-over small melt droplets present at the surface after epilayer growth. Defect
density is also higher at surface compared to the bulk of the epilayer, as the top
layer has unintentional vapour growth [1]. These types of surface imperfections
degrade the surface quality of MCT epilayers and limit the performance of pho-
todiodes. The usual process of removing defective layer from the surface has two
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steps of surface preparation: First is mechanical polishing, the second one is the
chemo-mechanical polishing (CMP) on pellon pad in specific chemical solution [2,
3]. After these steps, almost damage free surface of device quality is achieved that is
conducive to fabricate infrared detectors.

In this research work, the effect of polishing pad on surface quality of MCT
epilayer was compared by Panalytical make X’Pert-pro MRD High Resolution
X-ray Diffraction (HRXRD), defect etching and atomic force microscopy.

156.2 Experimental Details

HgCdTe epilayers were grown by the Vertical dipping liquid phase epitaxy
(VDLPE) technique. Surface of LPE grown MCT epilayers may either have only
terraces or terraces with scratches or melt droplets, as shown in Fig. 156.1a. The
higher viscosity of Te-rich melt (as compared to Hg-rich melt) causes melt droplets

Fig. 156.1 a Terraces along with the scratch on surface of as grown epilayers, b terraces having
melt droplets, c powder polishing on nylon cloth pad, and d CMP polishing observed in Nomarski
microscope
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on the surface of the epilayers after the growth, as shown in Fig. 156.1b. All these
features on the surface of the epilayer are highly undesired and need to be removed
for getting flat surface with good crystalline quality. The mechanical polishing is
carried out using ultrafine 0.05 µm size Al2O3 powder with Logitech Polishing
machine by applying *100 gm/cm2 force on the sample. In powder polishing, the
scratches/damage cannot be avoided as depicted in the polished surface in
Fig. 156.1c. This mechanical damage is directly proportional to the particle size of
the alumina powder. The scratches/damage due to mechanical polishing is removed
using CMP process. The surface quality of MCT epilayer after CMP polishing is
shown in Fig. 156.1d that was recorded by Nomarski optical microscope. There are
two components used in the CMP process: one is the chemical solution. Second one
is the polishing pad.

156.3 Result and Discussion

156.3.1 X-Ray Topographic Analysis

The X-ray topographs of as grown surface were recorded for the (440) plane for two
samples—A and B taken by cutting one epilayer, as shown in Fig. 156.2a, d,
respectively, and mosaic pattern was found on both the samples. At second step,
CMP polishing was carried out on two different polishing pads: pellon pad (fibers
of the polyurethane material) and nylon cloth pad (made of threads of nylon). For
this process, iodine-potassium iodide in ethylene glycol solution was used as pol-
ishing solution as reported earlier [4]. Sample A and B were CMP polished on
pellon and nylon-cloth pad, respectively, and X-ray topographs were recorded again
for both samples. Figure 156.2b, c show the topographs for (440) and (620) planes
in sample A and Fig. 156.2e, f show the topographs for (440) and (620) planes in
sample B.

In these topographs, we found that the surface of sample A appears with mosaic
pattern, which is an indication of imperfect surface. On the other hand, a good
cross-hatch pattern is observed on the surface of sample B, which is an indication of
good quality surface. In X-ray topography, the highly energetic X-rays can pene-
trate a few micron deep from the surface and provide information inside the
material. The X-ray diffraction shows the topographic contrast and reveals the
information about the local imperfections in the crystal using the periodic
arrangements of atom in the plane [3]. The cross hatch lines are generated because
growth plane is (111) that is closest plane in the ZnS structure of HgCdTe and made
by three [110] direction [5]. If there is surface damage, these cross hatch lines
cannot be seen clearly on sample surface. Therefore by observing the cross-hatch
lines, crystalline quality of surface can be compared. These results indicate that the
Nylon cloth pad is better compared to the pellon pad for their use in the CMP
process.
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156.3.2 Dislocations and Surface Morphology

The surface quality of samples after both the procedures, i.e., pellon pad polishing
and nylon pad polishing was compared using defect etching. After chemo-
mechanical polishing, dislocations were revealed in both sample A and B by the
modified Chen etchant [5]. It is well known that the actual shape of dislocation etch
pits in (111) MCT material is triangular shape etch pits. But some elongated fea-
tures along with the regular triangular shape etch pits were revealed in the defect
chemical etching of the sample A, as shown in Fig. 156.3a.

Fig. 156.2 X-ray topographs for sample A: a as grown surface for (440), b (440) plane and c for
(620) planes; X-ray topographs for sample B, d as grown surface for (440), e (440) plane and f for
(620) planes

Fig. 156.3 Dislocations at the surface of the sample A: a after polishing on pellon pad, b after
removal of damaged layer, and c dislocations at surface of sample B after polished on nylon cloth pad
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These elongated features are the sign of damage on surface of the sample.
Further, to confirm this, a layer of few microns (*5 µm) was removed from the
surface of the sample A by free etching in bromine in methanol and again, dislo-
cation were revealed in the same sample. It was found that many of the elongated
features disappeared from the surface as shown in Fig. 156.3b, this result confirmed
that the damage was generated by the hard nature of the pellon pad. In the same
way dislocations were also revealed in the sample B that was CMP polished on the
nylon cloth pad. In this sample, only triangular shape etch pits were observed unlike
the elongated features were present in sample A as shown in Fig. 156.3c. The
dislocation density was found to be about 105 cm−2. Thus, it was proved that this
type of cloth pad create lesser damage on the surface compared to the pellon pad.
Therefore, it can be employed for the CMP polishing process of surface preparation
of MCT epilayers.

Surface morphology were also characterized by the AFM technique for both the
samples at various points and shown here at one point in Fig. 156.4. Surface
morphology and roughness was found better in case of polishing on nylon cloth pad
as can be seen in Fig. 156.4. This study also reveals same result as was observed in
other analysis and confirmed that nylon cloth pad is better for CMP polishing.

156.4 Conclusions

Polishing pads were experimented for surface preparation of HgCdTe epilayers and
characterized using X-ray topographs, defect etching and AFM. Nylon pads were
found to be better suited for the process of chemo-mechanical polishing for surface
preparation as compared to pellon pads. The good cross-hatch pattern was found in
case of nylon pad for X-ray topographs of (440) and (620) planes. Defect etching

Fig. 156.4 AFM micrograph of area (10 � 10) µm2, after chemo-mechanical polished, a at
pellon pad, b at nylon pad with rms roughness of 1.37 and 0.74 nm respectively
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also revealed absence of elongated features in nylon pad polishing indicating better
surface quality over pellon pad polishing. Surface morphology and roughness were
also found better for nylon pad polishing as measured by the AFM technique.
Therefore, it is concluded that the nylon cloth pad is more suitable for MCT
polishing as compared to pellon pad.
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Chapter 157
Investigations on the Effects of 150 MeV
Ag Ion Irradiations on 4H–SiC

A. Ashraf Ali, J. Kumar, V. Ramakrishnan and K. Asokan

Abstract Investigations have been carried out on the morphological and the
optical properties of 4H–Silicon Carbide (SiC) wafers after the 150 meV Ag ion
irradiation for the fluences 5E10,1E11, 5E11, 1E12, 5E12 and 1E13 ions/cm2.
The SRIM calculations show that the penetration depth of Ag ions is *11.90 lm
and the electronic energy loss (Se) is dominant compared to the nuclear loss energy
(Sn) and the modifications are due to Se. The images from atomic force microscopy
(AFM) show the formation of Quantum Dot (QD) like nano-structures at low
fluences which develop into triangular island like structures with increasing the ion
fluence. The surface roughness of the sample increases after the irradiation due to
the formation of triangular islands. Raman spectra show change in the intensity of
the standard modes of 4H–SiC with a shift in the E2 (TO) mode. At the fluence of
5E10 ions/cm2, there is a formation of a shoulder in A1 (LO) optical mode which
disappears as the fluence increases. The Raman mapping of the samples show that
the irradiation is uniform.

157.1 Introduction

Silicon Carbide (SiC) is a wide bandgap semiconductor having over 200 polytypes
[1, 2] with variations in the bandgaps. It has excellent thermal conductivity and low
thermal expansion. It also has many outstanding properties such as high tempera-
ture and chemical stability, and radiation hardness making them a suitable candidate
for optoelectronic devices operating under the above conditions [3–7]. The primary
application portfolio comprises of blue LEDs, UV photodiodes, high temperature

A. A. Ali (&) � J. Kumar
Crystal Growth Centre, Anna University, Chennai 600025, India
e-mail: a_ashraf_ali@yahoo.com

V. Ramakrishnan
Indian Institute of Science Education and Research, Thiruvanthapuram, India

K. Asokan
Inter-University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi 110067, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_157

1027

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_157&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_157&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_157&amp;domain=pdf


electronics, radiation hard electronics with space applications, high power and high
frequency electronics [8], optical sensors in the UV region etc. [9]. The 4H, and
6H–SiC polytypes have drawn particular interest due to their wide bandgap at the
room temperature, and strong covalent bonds. Raman spectroscopy has been pre-
viously applied for characterizations of polytypes [9–11], stacking faults [12], stress
[13], change in the bond structure and doping [14, 15].

Ion implantation is a novel method to selectively implant ions and modify the
physical properties in a material system. It produces structural defects corre-
sponding to the fluence and the ions used.

157.2 Experimental Methods and Data Analysis

157.2.1 Experimental

Commercially available 4H–SiC substrates were implanted with Ag+ ions at a high
energy of 150 meV at the Inter University Accelerator Centre (IUAC) New Delhi,
India. The implantation was done at room temperature to avoid the samples from
heating. The parameters for irradiation were worked out using SRIM software in
full cascade mode [16]. The calculations predicted that the samples would be
subjected to implantation as the penetration depth was estimated to be about
*11.90 lm whereas the substrate thickness was about 350 lm.

The samples were subjected to AFM using Park XE-100 with 1 lm scan area
under non-contact tapping mode to avoid damage to the scan area. The inbuilt
software package was used to determine the surface roughness of the scan area.
Micro-Raman measurements were carried out using HORIBA Jobin Yvon
Lab RAM HR 800 equipped with a thermo-electrically cooled charge coupled
device (CCD) detector and an automated XY motorized stage. The instrument was
configured in a 180° backscattering geometry with a 632.8 nm He–Ne laser as the
excitation source. The instrument was calibrated using 521 cm−1 Raman line of
single crystalline Silicon (Si) wafer. The spectrograph consists of a holographic
grating of 1800 grooves/mm and the confocal hole of the spectrograph was set to
100 lm. UV-Vis Spectrum was recorded using a JASCO UV V-760 in the DRS
mode. The scan was made between 180 and 800 cm−1.

157.2.2 Data Analysis

The AFM images in Fig. 157.1 show that there is a formation of QD like structures
which grow as the implantation fluence increases. The average perimeter of the QD
increases from 168.70 nm for the fluence 5E10 to 563.03 nm for the fluence 5E11.
Furthermore it is observed that these QD like structures evolve into triangular plate
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like islands for higher fluences. The formation of the QD like structures would be
due to the Ag ion being implanted in the interstitial site in the Si-C lattice. On
increasing the fluence the number of ions implanted increases and the strain in the
lattice evolves into the formation of the triangular island like structures from the QD
like structures. The scans also show that the roughness increases as the fluence
increases implying that the QD might have dissipated evolving into triangular
island like structures.

The Raman Spectrum as in Fig. 157.2 show that there is no change in the spectra
except the formation of a shoulder in A1 (TO) optical mode which disappears as the

Fig. 157.2 Raman spectra of Ag implanted 4H–SiC

Fig. 157.1 AFM scan of Ag implanted 4H–SiC samples. a 5E10, b 1E11, c 5E12, d 1E13 ions/
cm2, e roughness plot
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fluence increases. The UV-Visible spectra as in Fig. 157.3 show that there is been
an increase in the absorption in the visible spectrum. The pristine sample shows a
peak absorption in the UV and the near UV region; moderate absorption between
the violet and green regions. After the implantation there is an enhancement in the
blue-green absorption for the lower fluences and the entire of the visible spectrum is
being absorbed for the higher fluences 5E12 and 1E13. This enhancement in the
absorption may be due to the surface plasmons resonance complimentary to the
roughness of the surface as seen in the AFM scans. This can pave a way for new
optoelectronic devices in the visible region.

157.3 Conclusion

High energy Ag ion implantation distorts the surface creating QD like structures
which evolve into triangular island like structures. The UV-Vis spectra show that
the implantation of these ion promotes the absorption of electromagnetic radiation
in the visible region which can pave way for new devices that can be employed in
optoelectronics.

Fig. 157.3 UV-Vis spectra of Ag implanted 4H–SiC samples
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Chapter 158
Effect of Carbon Ion Implantation
on a Bi-Layer Transparent Electrode

Priyanka Garg, Vikas Sharma, Surbhi, Satyavir Singh
and K. Sachdev

Abstract Present investigation reports the development and performance of
transparent conducting electrode (TCE) having oxide-metal bilayer structure; ZnO/
Ag deposited at 300 K and showing good electrical and optical properties. Low
energetic ion implanted films show a variation of electrical properties; sheet
resistance, carrier concentration and mobility under ion fluence variation implying
tunability. A thin film of silver (8 nm) was deposited on a corning glass substrate
using sputtering with a subsequent deposition of 60 nm ZnO layer. Carbon ion
beam of energy 40 keV with different fluences was used to modify properties of the
bilayer structure.

158.1 Introduction

Transparent electrode (TE) has the remarkable combination of high electrical
conductivity and optical transparency, which is generated in intrinsic stoichiometric
oxides by doping and implantation or using a multilayered structure [1, 2].
Tin-doped Indium oxide (ITO) had been the most prominent transparent conducting
electrode (TCE) owing to its suitable optical and electrical properties compared to
its competitors. There is a continuous and open search for a superior TCE as an
alternative to ITO due to the scarcity of indium material and higher fabrication cost
of the substrate with ITO coating [3, 4]. The hybrid multilayer structures have
appeared as an exciting substitute to ITO due to their remarkable optical trans-
parency and electrical conductivity with room temperature fabrication [5, 6]. ZnO is
a leading candidate due to its wide band gap, superior conductivity and high visible
light transparency. Native defects like zinc interstitial (Zi), oxygen vacancy (Vo),)
are existing in ZnO film, affecting the optical and electrical properties of the film
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[7]. The energetic ion implantation is used for altering the properties of materials by
transferring energy to the target material [8]. Such interaction increases the local-
ized temperature for a short period and hence generates defects in the target
materials [9, 10]. The ZnO:Ag bilayers were examined under low energy ion
implantation of C ions with different fluences to understand their performance in a
dense radiation atmosphere.

158.2 Experimental

Continuous Ag (8 nm) layer and ZnO (60 nm) layer were deposited by sputtering
with 99.99% pure commercial targets. The base pressure of the chamber was kept
7 � 10−6 mbar and pressure during deposition was obtained 3 � 10−3 mbar for
ZnO layer and 1.7 � 10−2 mbar for Ag layer. The flow of Ar gas was maintained
15 sccm during the deposition. All samples were fabricated at room temperature on
a clean substrate (Corning glass). The bilayer (Ag/ZnO) was implanted with 40 keV
C+ ions of different fluences ranging from 1E13 to 1E16 ions/cm2 using the low
energy ion beam facility at IUAC New Delhi. Pristine and irradiated samples were
investigated for their optoelectronic properties. The electrical properties were
examined using ECOPIA-3000 Hall Measurement system, optical transmittance
using UV-Vis spectrophotometer LAMBDA 750 (Perkin Elmer). The crystalline
properties were measured using X-pert Pro Pan Analytical X-ray diffraction with
CuKa radiation. Nova Nano FESEM 450 and atomic force microscope
(NanoscopeIIIa) were used to determine the surface features of the pristine and
implanted bilayer films.

158.3 Results and Discussion

158.3.1 Structural Study

XRD pattern of the bilayer structure consists of (002) diffraction peaks corre-
sponding to the hexagonal ZnO and face-centred cubic (FCC) Ag (111) planes.
Low intensity peaks of ZnO (103) disappear at higher fluences because of carbon
induced amorphization of the ZnO film [11]. Particle size varies from 19 to 13 nm
for pristine and highest fluence sample respectively. TEM images including SAED
pattern for the pristine structure are shown in Fig. 158.2. These images show a
distribution of different particle sizes. High-resolution images were analysed by
digital micrograph software to identify crystallographic plane of top ZnO layer
indicated in Fig. 158.2b (Fig. 158.1).
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158.3.2 Morphology

The surface morphology of the multilayer structure was captured by atomic force
microscopy and scanning electron microscope. The images were analyzed with
ImageJ, and Nanoscope analysis software for SEM and AFM respectively. The
surface of the bi-layer structure is smooth and homogeneous with particles having a
spherical shape [12]. Calculated particle size was 22–25 nm. The rms roughness
obtained for the pristine sample was 1.01 nm, and it decreases to 0.78 nm for the
1E15 fluence due to an erosion of the peaks and further, increases up to 0.94 nm
because of amorphization (Fig. 158.3).

158.3.3 Optical and Electrical Study

The transmittance of the pristine sample was *73%, and it increases to *76% for
the 1E13 fluence then decreases to *61% for the 1E16 fluence. Pristine sample
shows a resistivity of 1.38 � 10−4 Ω cm. Minimum resistivity of q = 8.7 � 10−5

Fig. 158.1 XRD graph of
Ag/ZnO bi-layer structure
with different ion fluences

Fig. 158.2 TEM image of Ag/ZnO bi-layer (pristine)
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Ω cm was obtained for the 1E16 fluence because at higher fluence carbon creates
more defect energy levels in the structure which decreases the band gap. Maximum
mobility µ = 1.18 � 102 cm2/V s was obtained at 1E15 fluence with highest carrier
concentration at 1E16 fluence [13] (Fig. 158.4).

ZnO, a transparent conducting oxide shows n-type behaviour due to the presence
of native point defects and impurities. Theoretically and experimentally, it is
established that carbon ion behaves as a shallow donor under the stable chemical
and electronic conditions,which leads to enhancement in n-type conductivity in host
materials. The change in the electrical parameters (such as mobility and resistivity)
in C+ implanted ZnO with different ion fluences are also due to the vacancy
clustering and accepter activation. The oscillatory nature of electrical properties

Fig. 158.3 SEM and AFM Images for Ag/ZnO bi-layer structure for different ion fluences

Fig. 158.4 Optical transmittance spectra and Hall measurement for Ag/ZnO bi-layer
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mainly depends on the position of implanted carbon ion in the zinc oxide lattice
(substitutional Ccation, CO and interstitial Ci) [14, 15]. The present study supported
by the most favourable position Ccation (CZn); where C+ behaves like a shallow
donor.

158.4 Conclusion

A thin film of Ag/ZnO bi-layer was prepared by sputtering and then implanted by
C+ ions for different fluence. An increase in electrical conductivity of one order is
seen at the highest fluence which is attributed to carbon ion creating more defects in
the structure at the highest fluence. Ion implantation could be used to enhance
electrical conductivity and alter the mobility and carrier concentration. Low energy
C ion implantation is hence an effective tool for tailoring the properties of the
proposed bi-layer.

Acknowledgements Authors are grateful for various fabrication and characterization facilities
provided by Materials Research Centre (MRC) at MNIT Jaipur (INDIA) and LEIBF, Inter
University Accelerator Centre (IUAC), New Delhi (INDIA).
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Chapter 159
Type-II Superlattice Infrared
Photodetector (T2SL IRPD) Miniband
Modeling: An Atomistic NEGF Study

Swarnadip Mukherjee and Bhaskaran Muralidharan

Abstract We theoretically investigate the physics of miniband formation in a
T2SL Infrared Photodetector (IRPD) using an atomistic Green’s function formalism
and also explore the criteria required for a viable design of the device at a specified
regime of operation. For a fixed III–V material system like InAs/GaSb, we show
that the operational wave-length and the photo-absorption primarily depend on the
thickness of the constituting layers and the carrier effective masses. Separate spatial
confinement of electrons and holes in different layers aids the control of
photo-absorption by properly tuning the overlap of wavefunctions in subsequent
layers. We have also explored the effects of lattice vibration scattering due to
electron-phonon interaction on the transmission function and carrier density within
the self-consistent Born’s Approximation using an incoherent self-consistent
dephasing model. This study will offer deep insights on exploring the physics of
minibands and will make the way for a better understanding of the transport
properties.

159.1 Introduction

A wide range of band alignment features exhibited by the compound materials from
III–V (6.1 Å) series help designing heterostructure devices with fine and precise
wavelength tuning, flexible barrier design, strong optical absorption, reduced dark
current and enhanced photo-current. A broken gap type-II heterostructure is formed
by placing alternate layers of InxAl1−xAs and GaSb and can be tuned to requirement
by varying the mole fraction of Aluminum in InxAl1−xAs T2SL has emerged as a
potential candidate for infrared photodetection [1–3] and performs proficiently in
number of ways over the other market dominated materials. For the past few
decades, HgCdTe (MCT) has been recognized as the material of choice for this
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purpose due to it’s high quantum efficiency and detectivity. Several other materials
like bulk InAs, III–IV QWIP have also proven their usefulness for the same pur-
pose. However, this material exhibits some interesting features like low tunneling
current, spatial separation of carrier confinement, suppressed Auger recombination
and flexible selection rules which have drawn the attention of a larger part of the
community to use it for the purpose of photodetection.

In this study, we have demonstrated the effective ranges of allowed absorption
wavelengths for a given set of design parameters by calculating the ground state
transmission peaks of electrons and heavy-holes. For the last few years, there were
several theoretical and experimental works reported on the estimation of effective
bandgap formed in a broken gap lattice using ab initio [4] method, envelope
function [5] approach, tight binding Hamiltonian [6] method and empirical
pseudo-potential [7] approach etc. However, there were hardly any reports on
broken gap heterostructure miniband modeling using a complete quantum transport
formalism. In our study, we rely on an unambiguous separation of electron and hole
states in conduction (CB) and valence band (VB), respectively, which facilitates the
modeling in the lights of single-band effective mass approximation. We have cal-
culated the transmission functions for both the electrons and the holes using a
coherent Non-Equilibrium Green’s Function (NEGF) formalism within a tight
binding approach. Obtained transmission peaks which indicate the energy Eigen
states, prove the existence of band formation and provide a direct measure of
allowed frequency range and the intensity of infrared absorption. The smearing
effect on the transmission function due to electron-phonon interaction is also shown
by incorporating an incoherent dephasing model.

159.2 Methods

We employ the atomistic NEGF formalism [8] within a nearest neighbor
tight-binding Hamiltonian to calculate the transmission function. The retarded
Green’s Function for the central device can be written as

GR ¼ EI � Hþ i0þ � R1 � R2½ ��1

where, H is the system tight-binding Hamiltonian, E is the Eigen energy and Ʃ1 and
Ʃ2 are the contact self-energies. Broadening function (C) is defined as the imaginary
part of the self-energy which accounts for the amount of channel coupling with the
contacts.

C ¼ i R� Ry
h i
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Effective transmission function can then be defined as

T Eð Þ ¼ Re Tr C1GC2G
y� �h i

Electron (Gn) and hole (Gp) densities can be directly calculated from the
knowledge of contact Fermi distributions and are given by

Gn ¼ Re G C1f1 l1ð ÞþC2f2 l2ð Þð ÞGy
h i

Gp ¼ Re G C1 1� f1 l1ð Þð ÞþC2 1� f2 l2ð Þð Þð ÞGy
h i

So far, we have not considered any scattering effect on electronic transmission
with the assumption that electrons don’t collide with lattice atoms and therefore
don’t undergo any change in momentum and energy. This is not the case in big
lattices, as electrons while moving, constantly collide with lattice atoms and relax
momentum and energy. Therefore, a proper treatment of scattering mechanisms
must be taken into consideration while simulating the transmission and transport
characteristics. In our model, we have treated the scattering as another virtual
contact attached to the device which controls the flow of carrier. Therefore, the
retarded Green’s function is modified as

GR ¼ EI � Hþ i0þ � R1 � R2 � RS½ ��1

where, ƩS is the scattering self-energy which is calculated from the broadening
function (CS) . CS is defined as the sum of in and out-scattering functions (Ʃin and
Ʃout) from that virtual contact. It is important to note that the in and out-scattering
functions and the broadening functions depend on carrier densities, unlike the
coherent case. This demands a more complicated iterative self-consistent solution
and must be treated carefully.

Due to the iterative self-consistent nature of solutions, there is no direct relation
between in-scattering and broadening functions, unlike the coherent case.
Therefore, the conventional definition of transmission function can no longer be
used in this case. The effective transmission in dissipative system is thus calculated
from the definition of current in terms inflow and outflow. Transmission function at
any energy is then obtained by dividing the current by the difference in two contact
Fermi distribution functions at that energy and is given by

Teff Eð Þ ¼ Ii Eð Þ
f1 Eð Þ � f2 Eð Þ ¼

Tr Rin
i A

� �� Tr RiGn½ �
f1 Eð Þ � f2 Eð Þ
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159.3 Results and Discussion

We have considered a 5-period heterostructure for the simulation where each period
consists of 3.6 nm thick InAs (w1) and 3.6 nm thick GaSb ðw2Þ. Effective electron
mass of bulk InAs and GaSb are 0.023 and 0.042 m0 respectively, where m0 is the
free electron mass. However, these two materials have same hole effective mass of
0.4 m0. Therefore, the effective electron and heavy-hole masses for the superlattice
structure are taken as the average of that of the constituent materials which are 0.03
and 0.4 m0, respectively. The bandgap of InAs and GaSb are taken as 0.4 and
0.7 eV, respectively, with an overlap of 0.1 eV between CB and VB. Therefore, the
effective band offsets become 0.8 eV for CB and 0.5 eV for VB. In Fig. 159.1a, b,
we show the electron and hole transmission function for a coherent system. Due to
the large heavy-hole mass, hole transmission is sharply peaked at a small energy
range which is clearly evident from Fig. 159.1b. The zoomed in version of the
ground state transmission is shown in the inset which clearly reveals the existence
of individual states. On the other hand, due to it’s low effective mass, electron
transmission peaks are sparse and form a continuum for a large number of super-
lattice period.

Formation of electron and hole minibands from the obtained transmission peaks
is shown in Fig. 159.2. For the mentioned structure geometry, effective wavelength
range for absorption is found to be between 2.8 and 3.3 lm, which is almost close
to what is experimentally obtained. We have also explored the variation of mini-
band energies by varying the widths of the constituent layer. The effective
absorption wavelength for w1 = 4.2 nm, w2 = 4.2 nm and w1 = 4.2 nm,
w2 = 3.6 nm are found to be 4.3 and 3.9 lm, respectively. This result is quite
obvious, as the increase in layer width pushes the bands more towards the lower
band-edge which results in an increase of absorption wavelength due to reduced
bandgap.

Fig. 159.1 Transmission function versus energy: a electron transmission, b hole transmission.
Hole transmission is sharply peaked and is zoomed into show the existence of individual states
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Local density-of-states (LDOS), which dictates the spatial and energy variation
of carrier distribution is shown in Fig. 159.3a. It is clearly evident from the figure
that the electrons and holes are confined at different layers and there is a significant
amount of overlap between them as depicted in Fig. 159.3b. This spatial separation
reduces the recombination probability which directly enhances the photo-current.
On the other hand, the infrared absorption which is directly dependent on the
amount of overlap is less in this case as compared to type-I superlattice. Layer
widths can be varied to adjust and tune the amount of overlap between subsequent
layers.

The effect of elastic and inelastic scattering due to electron-phonon interaction
on electronic transmission is also studied. It is seen from Fig. 159.4a, that inelastic
scattering due to lattice vibrations significantly reduces the transmission peak and
broadens it in the energy spectrum. This smearing effect increases with increasing

Fig. 159.2 Formation of
minibands in CB and VB

Fig. 159.3 a Local density of states of electrons and holes in CB and VB, respectively, and
b spatial overlap between them
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electron-optical phonon coupling strength (Dop). Figure 159.4b compares the effect
of elastic and inelastic scattering which mainly results from the interaction with
acoustic and optical phonons, respectively. The main difference shows up in the
neighborhood of the peak where small kinks are observed in case of inelastic
transmission, however, the coherent shape is maintained in the elastic case. This is
because, in the inelastic picture there is some finite probability of carrier transition
to the neighborhood states of different energy, whereas these transitions are for-
bidden in elastic scattering.

159.4 Conclusion

In conclusion, we have studied the formation of minibands in a broken gap T2SL
and estimated its bandgap and absorption wavelengths from the position of trans-
mission peaks. We have also shown the spatial separation of carrier confinement
and the amount of overlap between them. The effect of electron-phonon interaction
on the transmission function has also been explored in great detail. This study
provides a strong platform for an in-depth analysis and precise estimation of dark
and photo-current and can be a fruitful avenue for future research.
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Chapter 160
Numerical Analysis on the Phenomenon
of Absorptive Bistability in Quantum
Cascade Lasers

P. Ashok and M. Ganesh Madhan

Abstract A detailed numerical analysis on the phenomenon of absorptive bista-
bility in mid infrared quantum cascade lasers (QCLs) is carried out by solving the
standard two-level rate equations for the gain and absorber sections of the laser
concurrently. This analysis accounts for the steady state and dynamic behavior of
the bistable QCL containing two semiconductor elements. The dependence of
threshold current, Steady state photon number, electron number in different levels
of gain and absorber sections, hysteresis width on the biasing currents in both the
sections are investigated thoroughly. This study also accounts for a reduction in
threshold current from 1.21 to 0.9 A as the absorber current is increased from 0 to
10 mA. The bistable behavior is also realized by providing a current pulse of
amplitude 0.2 A dc biased at 1.2 A. The output is switched off by injecting a
negative pulse of amplitude 0.5 A dc biased at 1.2 A.

160.1 Introduction

Quantum Cascade Lasers (QCLs) are unipolar semi-conductor devices that utilize
inter sub-band transitions in a repetition of identical coupled multi-quantum well
structures. They are small-size, high-efficiency semiconductor sources of radiation
in the mid infrared and terahertz wave bands. Other features include electrically
pumping, tuneability and ease of integration. QCLs were first demonstrated by Bell
Laboratories on an InP substrate [1]. Various approaches for the QCL design such
as the three quantum well active region method [2, 3], the super lattice active region
design [4, 5], the two phonon active region design [6] and the bound to continuum
two phonon design [7, 8] are reported. Injector doping [9] is an important parameter
which can influence the performance of a QCL. A temperature dependent gain
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modelling is done [10] to account for the influence of temperature on the photo-
electric properties of QCLs.

While the compact theoretical models are accurate, these methods become
computationally intense due to the nature of all the parameters. The self-consistent
rate equations are used to formulate the model for a high performance QCL [11]
with lower threshold current and larger slope efficiency. The direct intensity
modulation response of QCLs can be studied either from a three-level model or a
simplified two-level model. But the former method is computationally intensive and
hence a two-level model is preferred [12]. Delay time in QCLs [13, 14] results in
spontaneous emission induced intensity noise in the output optical power. From the
literature, several types of optical bistability in semiconductor lasers caused by
absorption saturation, refractive index change, injection locking or gain quenching
are reported in [15, 16]. The segmented electrode QCL is chosen for the analysis of
static and switching characteristics. In these studies, rate equations were constructed
for the two segment structures, taking the carrier densities separately in each region
and a common photon density in the cavity. Absorptive bistability relies on the
presence of saturable absorber. It is constructed by dividing one of the laser contacts
into two or more segments and biasing one segment below transparency. However,
the sections are well isolated as reported in [17–19].

Detailed investigations in the area of absorptive bistability in QCLs still remain
sparse since no conclusive reports have been made. Till date, only current bista-
bility based on negative differential conductance by Lu et al. [20] and Optical
bistability from domain formation in Terahertz QCLs by Allen et al. [21] have been
reported. These findings also do not account for the switching characteristics of the
bistable QCL from OFF state to ON state and vice versa. Hence, we investigate the
transient and steady state device behaviour for various values of gain section cur-
rent, absorber section current with their respective length split up ratios being 0.97
and 0.03 respectively, as specified by Uenohara et al. The device operates at 9 lm
and has a threshold current of 1.1108 A [13, 14]. Considering the results of Haldar
et al. [14] as our reference, the influence of the above said parameters are studied in
detail in this paper. The rate equations are solved numerically by Runge-Kutta
method using ODE Solver.

The paper is organized as follows. Section 160.2 explains the simplified
two-level model used for the numerical simulation of QCL modified for absorptive
bistability and provides the analysis on the time evolution of the electron distri-
bution in different levels and the photon number within the cavity for the various
values of gain section current (Ig) and absorber section current (Iabs). Section 160.3
concludes our findings.
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160.2 Rate Equations for a Mid-Infrared QCL

160.2.1 Improved Two Level Model [12]

The rate equations as in [1] are modified to accommodate the gain section and
absorber sections in the bistable QCL described from (160.1) to (160.5).

dN3g

dt
¼ Ig

e
� N3g

s3
� GgðN3g � N2gÞP ð160:1Þ

dN2g

dt
¼ 1

s32
þ 1

ssp

� �
N3g � N2g

s21
þGgðN3g � N2gÞP ð160:2Þ

dN3a

dt
¼ Ia

e
� N3a

s3
� GaðN3a � N2aÞP ð160:3Þ

dN2a

dt
¼ 1

s32
þ 1

ssp

� �
N3a � N2a

s21
þGaðN3a � N2aÞP ð160:4Þ

dP
dt

¼ NðGgðN3g � N2gÞþGaðN3a � N2aÞÞP

þNb
N3g þN3a

ssp

� �
� P
sp

ð160:5Þ

The parameters used in (160.1)–(160.5) have their usual significance as in [12–
14]. The suffix ‘g’ indicates the gain section and ‘a’ indicates the absorber section
parameters. The rate equations depicted in (160.1)–(160.5) are solved recursively to
obtain steady state and transient bistability responses using ODE Solver in
MATLAB. The electron numbers in level 3 and 2 in both the sections, optical
power output is evaluated for different gain section bias current (Ig) is varied in the
range of 0–2 A. The absorptive section bias current (Ia) is varied from 0 to 10 mA.
The basic single section QCL is solved to find the steady state and transient state
responses, which matches well with references [13, 14] and thereby validating our
model.

160.2.2 Bistability Phenomenon

Absorptive Bistability is exhibited due to the segmentation of the active cavity
length into gain and absorber sections in a specific ratio. The device is subjected to
a gain section current varying uniformly and absorber section current fixed at
1 mA. In the forward regime, the gain section current is varied incrementally from 0
to 2 A. In the reverse regime, the gain section current is decremented uniformly
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from 2 to 0 A. During both the conditions, the steady state value of electron number
in levels N2 and N3 for both sections (N2g, N2a, N3g, N3a, the suffixes ‘g’ and ‘a’
represent gain section and absorber section respectively), optical power is measured
from the steady state value of photon number.

It is evident from Fig. 160.1, that the optical power output does not take the
same path when the bias current is increasing in forward and reverse conditions.
The upward and downward proceeding arrow marks indicates the trajectory taken
by the parameter in forward and reverse conditions except for the absorber section
parameters where it is observed to work in a reverse fashion. For a constantly
biased absorber current at 1 mA, bistability is found to occur around 1.2 A which is

Fig. 160.1 a Current versus optical power characteristics (inset shows the enlarged view).
b Current versus electron number in level 3 gain section (inset shows the enlarged view). c Current
versus electron number in level 2 gain section. d Current versus electron number in levels 2 and 3
absorber section for an absorber section current of 1 mA
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well above the threshold current of 1.11 A. This confirms that the laser can swit-
ched from OFF to ON state and vice versa by applying appropriate current pulses
which is discussed in detail in the forthcoming sections.

It is also seen that bistability is exhibited by all the parameters that defines a
QCL namely electron numbers in gain and absorber sections at around the same
region 1.2 A. The graph for N2g as in Fig. 160.1b is resized to clearly visualize the
bistability phenomenon. Similar characteristics are observed with N3g, N3a also. N3g

is constant till the bistability point and then falls off to a lower steady state value as
in Fig. 160.1c. N3a also remains constant till 1.2 A and then increases to reach a
steady state value. The graphs in Fig. 160.1 are plotted with an accuracy of 5 mA
provide ample evidence of occurrence of bistability in QCL.

160.2.3 Effect of Absorber Section Current on Bistability

The absorber current is varied from 0 to 10 mA in steps of 0.5 mA and for each
value of the absorber current; the corresponding initial values are set. Now the gain
section bias current is varied from 0 to 2 A both in forward and reverse directions to
analyze the bistable behavior. The graphs are consolidated in Fig. 160.2.

It can be seen from Fig. 160.2a that as the absorber current is increased from 0 to
10 mA, the P-I curves shift leftward leading to reduction in threshold current both
in forward and reverse directions. The dotted lines indicate the reverse case while
the curves in normal lines indicate the usual forward current condition. The slope
(dP/dI) reduction is visibly seen in the enlarged version of the same graph presented
in Fig. 160.2b. Since the path taken by the P-I curve is not same in both the biasing
scenarios, the P-I Curve does not exhibit reciprocity. The forward threshold current
has reduced from 1.225 to 0.925 A and the reverse threshold current has also
reduced from 1.15 to 0.85 A as the as the absorber current is increased from 0 to
10 mA. It is worth to note here that the area of the hysteresis loop exhibited in the
graph diminished as the absorber section current is increased.

The bistability regions are not clearly visible on a full scale from 0 to 2 A and
hence the enlarged view gives a better picture of the bistability region. The hys-
teresis width also increases and becomes more pronounced at 10 mA. It is also
worth noting that the forward and reverse threshold currents decrease linearly with
increasing absorber current. It falls off from 1.21 to 0.9 A for forward increasing
current and from 1.15 to 0.85 A for decreasing current as in Fig. 160.2c. The
hysteresis width decreases very narrowly with increase in absorber current without
much variation from 0.16 to 0.12 A. The slope of the P-I characteristic curve
increases as the curves move rightwards with increase in absorber current as shown
in Fig. 160.2d. The graphs depicted in Fig. 160.2 justify the existence of absorptive
bistability at different levels of absorber currents with gain section current varying
from 0 to 2 A.
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160.2.4 Switching Characteristics

A current pulse is applied to the QCL as shown in Fig. 160.3a.
The device is provided with a dc bias of 1.2 A with a pulse amplitude of 0.2 A

(dotted line) and 0.02 A (dark line) and 0.7 ns duration which is close to the
bistability region of the device. When the current switches from 1.2 to 1.4 A and
reversed, the optical power starts from a very low value for 1.2 A which is close to
threshold current. It increases to 0.25 W which is the steady state value of power at
1.4A and when the current is reversed back to 1.2 A, the optical power curve
should trace itself to zero ideally but due to the phenomenon of absorptive bista-
bility, the optical power settles at 0.05 W which is the steady state value of power at
1.2 A in the reverse direction. Thus, the QCL has been turned ON from its OFF
state and it would remain in ON state even though the switch pulse is removed. This

Fig. 160.2 a Current versus optical power characteristics for various absorber section currents
from 0 to 10 mA. b Enlarged version of the same graph. c Absorber current versus threshold
current. d Absorber current versus slope for absorber section currents 0, 1, 2, 4, 6, 8, 10 mA
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is stable in ON state as shown in Fig. 160.3b. Similar current pulses can be applied
to turn OFF QCL from its ON state as seen in Fig. 160.3a when the device is
provided with a dc bias of 1.2 A with a negative pulse amplitude of 0.16 A (dotted
line) and 0.5 A (dark line) and 0.7 ns duration. The device acts like an optical
bistable device or a flip-flop having two stable states, ON and OFF.

160.3 Conclusion

In this work, the phenomenon of absorptive bistability in QCL has been investi-
gated. The rate equations were solved using MATLAB®, for DC and dynamic
characteristics under different values of gain and absorber section currents for the
length splitting ratio of 97:3. The analysis indicates the presence of hysteresis in the
light current characteristic, when the gain section current was varied and a constant
absorber section current was applied. Hysteresis width of 0.5 A is obtained for an
absorber section current of 0 mA. The transient response and switching charac-
teristics were studied giving way to its application as a simple logic device acting as
an optical memory element.

Fig. 160.3 a Time versus switching current pulse, b time versus transient optical power
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Chapter 161
Si-Photonics Assisted Optical Single Side
Band Generation, Transmission
and Reception

Awanish Pandeu and S. K. Selvaraja

Abstract We propose and demonstrate generation, transmission and reception of
optical single side-band modulated optical carrier using a silicon photonic based
self-coupled micro ring resonator. The resonator works on degenerate mode
inter-resonance splitting where the split can be dynamically tuned to suppress
side-band of double side-band modulated optical carrier over broad range of fre-
quency. We demonstrate a suppression ratio of 42 dB with received RF power
non-uniformity of ±3 dB between 1 and 13 GHz range.

161.1 Introduction

Photonics assisted microwave signal processing has recently gained interest due to
its ability to handle high-frequency signal processing with relatively low power and
high-fidelity [1–3]. In particular, integration of Silicon photonic offers a compact
and scalable platform for many RF-photonic applications. A simple optical trans-
mission of RF signal could include RF-source signal modulating an optical carrier,
hence transferring the information in the optical domain. This would generate a
double side band with carrier (DSB + C) signal. The DSB + C signal is then
transmitted to the required destination using an optical fiber. However, using
DSB + C signal for communication leads to inefficient utilization of communica-
tion resources [4]. The optical fiber dispersion leads the two sidebands to acquire
different phase values and in the case of both the sidebands acquiring a phase value
of p, no down converted RF signal is obtained at the receiver end due to destructive
interference of the sidebands. Various on-chip methods have been proposed to
circumvent this problem like using on-chip resonators and interferometers. In this
paper, we demonstrate a method of generating SSB + C signal using self-coupled
microring resonator (SCMRR) on Silicon-on-insulator platform.
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161.2 Working Principle and Result

Figure 161.1 shows a schematic of the proposed structure. The structure is a tai-
lored form of a conventional micro ring resonator (MRR). A typical MRR excites
only uni-directional propagating mode at wavelengths satisfying constructive
interference condition inside the ring cavity. However, SCMRR is capable of
exciting bi-directional modes (travelling in opposite directions, clockwise and
anti-clockwise mode) with the aid of self-coupling region [2]. Interference of the
two modes results in a splitting of the resonance mode in the cavity. The splitting
primarily depends upon the amount of optical power in the anti-clockwise mode
that is determined by the value of к2.

Figure 161.2a shows SEM image of the SCMRR and Fig. 161.2b shows the
measured transmission spectral response [5]. The cavity resonances are seen to have
undergone splitting. Also, the transmission at the back-drop port (BDP) is com-
parable to the drop port (DP). This happens because of the excitation of ACW mode
that directs a fraction of the optical power in the cavity to the BDP. To generate
optical single side band, DSB + C signal is sent through the SCMRR, only two
bands could be transmitted resulting in suppression of either upper or lower
side-band depending on the carrier alignment with the SCMRR response.

The experiment set-up is shown in Fig. 161.2d and the suppression ratio
obtained as a function of modulating RF is shown in Fig. 161.2c. Suppression ratio
as high as 42 dB is achieved using the proposed method. The received RF spectrum
at the PD is shown in Fig. 161.3. It is observed that constant split with varying RF

Fig. 161.1 Schematic of SCMRR. Self-coupling is made of a directional coupler with length Lsc
and gap g2 that in turn determines the self-coupling co-efficient к2

1056 A. Pandeu and S. K. Selvaraja



results in deterioration of the received signal as shown in Fig. 161.3a. When the
SCMRR spit is dynamically changed with the RF frequency, the received signal has
no deterioration as shown in Fig. 161.3b. The non-uniformity in the insertion loss is
less than ±3 dB compared to constantly degrading output in Fig. 161.3a.

161.3 Conclusion

In conclusion, we have demonstrated a simple method of Optical Single Side Band
with carrier generation using a Self-Coupled Micro Ring Resonator. We obtain
suppression ratio of 42 dB and uniformity in the received RF power for a broad
range of RF frequency.

Fig. 161.2 a SEM, b spectral response, c side-band suppression ratio obtained and d experiment
setup. Inset of (c) shows double-side band and single side-band curves

Fig. 161.3 Received RF after PD. a Constant split, b tuned split
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Chapter 162
Effect of Oxygen Pressure on Growth
of Cd0.05Zn0.95O Thin Films Using
Pulsed Laser Deposition

Sugandha Sharma, Basant Saini, Ravinder Kaur, Vinay Gupta,
Monika Tomar and Avinashi Kapoor

Abstract In this work, ternary CdxZn1−xO (x = 0.05) thin films were deposited on
Corning glass substrates using pulsed laser deposition (PLD) growth technique.
Films were grown in environment of oxygen flown into the PLD chamber at
pressures of 5, 20 and 40 mTorr. XRD studies revealed wurtzite crystal structure
and a highly (002)-preferred orientation for all films. The influence of oxygen
pressure on FWHM and lattice constants was recorded. UV-Vis transmittance
studies indicated that carrier concentration resulting from the oxygen vacancies in
films strongly affects band gap energy. This was confirmed by evaluating carrier
concentrations and electrical resistivities of films using a four-probe Hall effect
measurement set-up at 298 K. Films grown in 20 mTorr oxygen pressure reported
the highest carrier concentration of 1.57 � 1015 cm−2, while registering the lowest
energy band gap of 3.2 eV, hence making it a critically important pressure for film
growth.

162.1 Introduction

Current progress in epitaxial techniques allows combination of ZnO with CdO [1]
to obtain cadmium alloyed zinc oxide. CdxZn1−xO can yield theoretical band gaps
ranging from 2.37 eV (x = 1.0) to 3.37 eV (x = 0.0), and as such, it becomes useful
in construction of appropriate hetero/quantum well structures for optoelectronic
applications [2]. With respect to solar cells, this ensures utilization of the blue and
green regions of the spectrum and therefore better photon absorption.

S. Sharma (&) � B. Saini � A. Kapoor
Department of Electronic Science, University of Delhi South Campus,
Benito Juarez Road, New Delhi 110021, India
e-mail: sugandha.sharma@south.du.ac.in

R. Kaur
Deen Dayal Upadhyaya College, Sector-3, Dwarka, New Delhi 110078, India

V. Gupta � M. Tomar
Department of Physics and Astrophysics, University of Delhi, New Delhi 110007, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_162

1059

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_162&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_162&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_162&amp;domain=pdf


162.2 Aim of the Study

This study aims to investigate the influence of ambient oxygen pressure on struc-
tural, optical and electrical properties of Cd0.05Zn0.95O thin films. CdO has a higher
vapor pressure than ZnO which necessitates the need to optimize the ambient
pressure, besides achieving good quality of films.

162.3 Methods

To grow Cd0.05Zn0.95O thin films, sintered target pellets using ZnO and CdO pow-
ders (99.99% purity) were prepared using hydraulic press method. A background
pressure of 5 � 10−6 Torr was achieved to evacuate the PLD chamber. A KrF
excimer laser (k = 248 nm, 20 ns, 10 Hz) was used as the ablation source. Thin films
were grown on Corning® glass substrates at 573 K in oxygen ambient at pressures of
5, 20 and 40 mTorr. All deposited films had an average thickness of 1 µm, as
measured using a Veeco Dektak 150 profilometer. Crystallographic studies of the
films was undertaken using PANalytical PW 3050/65 X-Pert Pro MRD high reso-
lution X-ray diffraction (HRXRD) system with Cu Ka radiation (k = 0.15406 nm).
Optical transmittance was measured using Shimadzu UV-VIS 2450 spectropho-
tometer. Electrical properties were determined by making Hall measurements
(BioRad Microscience Division: HM System HL 5200).

162.4 Results

162.4.1 X-Ray Diffraction

Crystallographic studies of Cd0.05Zn0.95O films were carried out using XRD in h-2h
scan mode. Table 162.1 enlists structural parameters derived from XRD analysis
and Fig. 162.1 shows XRD diffractograms depicting that all films crystallize in a
single phase, hexagonal wurtzite structure. As oxygen pressure inside PLD chamber
is brought down from 20 to 5 mTorr, the diffraction angle of the (002) peak is seen
to decrease from 34.48° to 34.34° and the lattice spacing increases from 2.599 to
2.609 Å (Table 162.1). Simultaneously, the full width at half maxima (FWHM) for
(002) peak increases from 0.348 to 0.353 (inset of Fig. 162.1) for pressure change
from 20 to 5 mTorr. Upon increasing pressure from 20 to 40 mTorr, (002) peak
shifts to 34.38° while FWHM increases to 0.367, therefore causing the crystallinity
of film to degrade. The average size of crystallites in the films was calculated by the
Debye-Scherrer formula [4] given as:
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D ¼ 0:94k
b cos h

ð162:1Þ

where b is the FWHM of the (002) peak in the XRD pattern in radians, k is the
X-ray wavelength and h is Bragg’s diffraction angle. The largest crystallite size of
24.96 nm is obtained for film sample grown in oxygen pressure of 20 mTorr.

162.4.2 UV-Vis Transmittance and Band Gap Evaluation

Figure 162.2 demonstrates optical transmittance spectra of Cd0.05Zn0.95O films as a
function of substrate temperature, recorded in the wavelength range of 360–
560 nm. All film samples are seen to exhibit high transmittance values (>70%) in

Table 162.1 Structural parameters derived from XRD analysis of Cd0.05Zn0.95O films grown in
oxygen ambient at growth pressures of 5, 20 and 40 mTorr

O2 pressure
(mTorr)

Interplanar
spacing d (Å)

Lattice
constants

FWHM b
(deg)

Crystallite size
D (nm)

c (Å) a (Å)

5 2.609 5.219 3.013 0.353 24.65

20 2.599 5.198 3.002 0.348 24.96

40 2.606 5.213 3.010 0.367 23.70

Fig. 162.1 XRD (in h-2h scan mode) patterns for Cd0.05Zn0.95O films grown at oxygen pressures
of 5, 20 and 40 mTorr
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the visible regime. For transmittance value T and film thickness d, the absorption
coefficient (a) is given by

a ¼ 1
d
ln

1
T

� �
ð162:2Þ

For allowed direct transitions, the variation of a with photon energy (hm) is
defined by the relation

ðahmÞ2 ¼ Aðhm� EgÞ ð162:3Þ

Figure 162.3 shows plots of (ahm)2 versus (hm) and extraction of band gap
energy values for Cd0.05Zn0.95O thin films grown in oxygen pressure of 5, 20 and
40 mTorr. Band gap energy is seen to share a close relationship with the number of
oxygen vacancy sites that are strongly controlled by oxygen pressure during growth
of thin films. These vacancy sites are responsible for inducing electron carriers in
Cd0.05Zn0.95O films. It is seen in the inset of Fig. 162.3 that absorption edge cor-
responding to 3.25 eV red-shifts to 3.2 eV as oxygen pressure increases from 5 to
20 mTorr. This red-shift arises out of the electron-electron repulsive interactions
from the many electron carriers due to the band-gap-narrowing (BGN) effect [3],
wherein optical band gaps red-shift resulting from the increase in electron carrier
concentrations in the films. This increase in carrier concentration with increase in
pressure from 5 to 20 mTorr was observed while doing Hall measurements as seen
in Sect. 162.4.3.

It is important to note that CdO is a degenerate semiconductor, and as such, band
gap shift at higher carrier concentrations is also influenced by Burstein-Moss
(BM) effect [1], which causes enhancement in energy band gap values.
Consequently, the final band gap shift is determined by a combination of these two
effects. It is observed that as pressure increases from 20 to 40 mTorr, the electron

Fig. 162.2 Optical
transmittance spectra for
Cd0.05Zn0.95O films grown at
oxygen pressures of 5, 20 and
40 mTorr. A reference line at
k = 367 nm corresponding to
band gap of ZnO (i.e.
3.37 eV) has been drawn for a
comparative analysis
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carrier concentration reduces to 7.86 � 1014 cm−2 (as seen in Sect. 162.4.3) while
the optical band gap still increases to 3.22 eV. Here, BM effect is superseded by
BGN effect, and hence causes an enhancement as opposed to an expected reduction
in band gap.

In addition, at higher growth pressures, CdO has a tendency to segregate out of
the Cd0.05Zn0.95O alloy film because of its higher vapor pressure compared to ZnO.
This reduces cadmium content inside the films and as such the band gap of the alloy
film drifts towards the higher band gap of ZnO.

162.4.3 Determination of Electrical Resistivity and Carrier
Concentration

A four probe Hall effect measurement study in van der Pauw configuration at 298 K
and 3.2 � 103 Gauss magnetic field was carried out to determine electrical prop-
erties of Cd0.05Zn0.95O films. Film samples with bulk resistivity of 5.53 � 10−2

Ω cm were obtained at oxygen pressure of 5 mTorr, while a carrier concentration of
3.93 � 1014 cm−2 was recorded. As pressure is increased, crystalline quality of film
starts improving (as evidenced by FWHM) and resistivity starts decreasing until it
reaches the lowest value of 1.2 � 10−2 Ω cm at 20 mTorr. At this pressure, maxi-
mum carrier concentration of 1.57 � 1015 cm−2 was reported. A further increase in
oxygen pressure to 40 mTorr reduces concentration to 7.86 � 1014 cm−2 while
increases resistivity to 2.21 � 10−2 Ω cm.

Fig. 162.3 (ahm)2 versus (hm) plot for Cd0.05Zn0.95O films grown at oxygen pressures of 5, 20 and
40 mTorr and estimation of band gap energy values. Inset shows absorbance spectra obtained for
films
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162.5 Conclusion

In this work, we successfully deposited ternary Cd0.05Zn0.95O alloy films in oxygen
ambient and the effect of oxygen pressure on film growth was investigated. XRD
analysis revealed single phase, highly (002) oriented films, with the smallest
FWHM reported for film sample grown in 20 mTorr of oxygen pressure. UV-Vis
transmittance studies suggested that maximum cadmium incorporation in films was
achieved at 20 mTorr of oxygen pressure, as indicated by the lowest band gap
energy of 3.2 eV obtained. Electrical resistivity was observed to be affected by both
concentration of oxygen vacancies as well as FWHM, and it was concluded that
films grown in oxygen ambient of 20 mTorr pressure yielded minimum film
resistivity of 1.2 � 10−2 Ω cm. This study is especially important in determining
an optimum value of oxygen pressure for film growth as cadmium retention in
Cd0.05Zn0.95O films is seen to be highly sensitive to changes in ambient pressure.
Optimum growth conditions can be utilized in developing CdZnO/ZnO
heterostructures for photovoltaic applications.
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Chapter 163
Estimation of the Occupied Density
of States Using Capacitance–Voltage
Measurement in the NPB System

Sunil Kumar, Upkar K. Verma and Y. N. Mohapatra

Abstract The determination of trap density of states remains a challenging prob-
lem in organic semiconductors. In this paper we have demonstrated estimation of
occupied density of defect states acting as traps located in the HOMO level in the
model small molecular system of NPB using C–V characteristics. A Gaussian
distribution of occupied density within the band is observed. Its occupation is
sensitive to the temperature and the frequency of measurement. The density of
defect states is obtained to be 4.47 � 1014 cm−3 with an energetic distribution of
54–48 meV in the temperature range of 297–257 K. The energetic disorder of the
full HOMO level is also calculated to be 126 meV from the occupied density of
states.

163.1 Introduction

The defect states play a crucial role in controlling the electrical characteristics of
organic diodes, especially in displays and photovoltaic applications [1–4]. The
efficiency and the life time of the devices are limited by the presence of the
localized states [2, 5, 6]. The localized states due to structural disorder or impurities
influence the device characteristics significantly. These states are usually located
either at the interface or in the bulk of the device [7, 8]. The identification and
characterization of the defect states is vital in order to have a deeper understanding
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of device characteristics and enhance the device performance. In the recent past,
various techniques have been used to characterize the electrically active traps in the
organic systems however a common formalism akin to inorganic semiconductors is
yet to emerge [9–12]. Often techniques used for defect characterization, which have
been borrowed from the traditional inorganic systems, are not suitable for the
disordered organic semiconductors. Furthermore, we need to evaluate the defects in
a device structure with appropriate thickness and electrodes. Hence, estimation of
disorder related characterization of localized states in organic material systems and
their devices is challenging.

In this paper, we characterize the electrically active defect states distribution
performing temperature dependent current density–voltage (J–V) and capacitance–
voltage (C–V) measurements in the sandwich type structure. To demonstrate the
technique of defect state characterization, we use temperature and frequency
dependent C–V characteristics for NPB as the model system. The temperature and
the frequency scans act as probes for the change in the occupancy of the defect
states in a controlled manner.

163.2 Experimental Details

In this study, we fabricated a sandwich diode structure using N,N′-Di(1-naphthyl)-
N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB)as the active material. The device
configuration is ITO|NPB(200 nm)|Al. The schematic diagram of the device
structure along with the energy level diagram is shown in Fig. 163.1. Commercially
obtained ITO coated glass was used as substrate in which ITO served as the anode.
The pixellized substrates were treated in Oxygen-Argon plasma ambience for ten
minutes, prior to the organic layer deposition. The organic layer of NPB and the Al
cathode were grown thermal evaporation technique using an industry grade
semi-automatic UHV Doosan Cluster tool. For the room temperature measurement,
the finished samples were encapsulated in nitrogen glove box. Samples for low
temperature measurements were mounted on the cold finger of a CTI cryostat
maintained at a pressure of 10−3 mbar during the measurement. Lakeshore 370 was
used as temperature controller. For current voltage (J–V) and capacitance voltage

Fig. 163.1 Device structure used in this study, along with the corresponding energy band diagram
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(C–V) measurements were carried out using Keithley 2601 source measure unit and
Agilent 4294A Impedance Analyzer respectively.

163.3 Results and Discussions

Figure 163.2, shows that the J–V characteristics are rectifying over five orders of
magnitude. The J–V characteristics show two distinct regimes of current rise. In the
lower bias, the current starts increasing exponentially and in the deep bias, the
current enters into the space charge limited regime. In the Capacitance–voltage
measurements, the reverse capacitance of the diode is voltage independent and
corresponds to the intrinsic layer thickness.

In the capacitance voltage (C–V) characteristics, a peak occurs at around 1.2 V.
The peak voltage is higher than the theoretical built-in voltage. In the deep bias
beyond the peak voltage, the capacitance starts increasing on increasing the applied
voltage. The capacitance in this region shows strong temperature and frequency
dependence. This increment in the capacitance is attributed to the change in the
occupancy of the defect states present in the device. Therefore, by modeling this
regime, we can get insight into the role of the defect states and their energetic
distribution.

Figure 163.3 depicts C–V characteristics at different temperatures of measure-
ment, varying from 297 to 237 K. The reverse bias capacitance and the position of
the Vbi peak are independent of the temperature whereas the peak amplitude
decreases with decreasing temperature. Further, the capacitance in the SCL regime
is highly sensitive to the measurement temperature and the modulating frequency.

In order to obtain the density of defect states from the measured capacitance, we
seek to estimate the stored charge carriers from excess capacitance as a function of
energy. The excess capacitance is obtained by subtracting the geometrical

Fig. 163.2 Correlated
current density–voltage (J–V)
and capacitance–voltage (C–
V) Characteristics. Note that,
in the C–V curve, a peak
appears at around 1.2 V and
beyond the Vbi the
capacitance is rising with the
applied voltage
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capacitance from the measured capacitance. The excess capacitance multiplied with
the applied ac signal gives the charge stored at the defect states as

DQstored ¼ Cexc:Vac ð163:1Þ

To obtain the density of defect states, the stored charge is divided by the volume
of the device and the elementary charge. Further, the energy level difference
between the Fermi level and the transport level can be expressed as [4, 13]

EF � EV ¼ kBT ln p=NVð Þ ð163:2Þ

where NV is the density of the states of the transport level, p is the carrier density
estimated from the steady states current density (J) using the following expression.

p ¼ Jd=q V � Vbið Þ ð163:3Þ

Figure 163.4 shows the extracted defect density of the states as a function of
Fermi energy to the transport level gap at various temperatures and modulation
frequency of 1 kHz. The density of the localized sates at any particular temperature
is the product of the DOS and the Fermi-Dirac occupation statistics. The distri-
bution of the occupied defect states comes out to be a Gaussian and is fitted using
the Gaussian function expressed as

gðEÞ ¼ NT
ffiffiffiffiffiffiffiffiffiffi

2pr2
p exp �ðE � E0Þ

2r2

2
 !

ð163:4Þ

 297K
 288K
 279K
 265K
 257K
 237K

1.2V

Fig. 163.3 Capacitance
voltage characteristics at
different temperatures
measured at 1 kHz
modulating frequency
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where gtðEÞ the density of defect states at a particular energy E with E ¼ EF � EV,
r is the disorder parameter, E0 is the center of the Gaussian and NT is the total
defect concentration of states.

The defect distribution parameters are thus estimated from such a fitting as listed
in the Table 163.1. We observe that the peak of the occupied DOS shifts into the
band on lowering the temperature with decrease in the occupied carrier concen-
tration. However, the disorder parameter of the occupied distribution (r) remains
approximately the same. From the occupied DOS, we are able to estimate the
disorder parameter of the complete HOMO band to be 126 meV. Therefore, the
technique provides an easy and alternative way of estimating parameters of
Gaussian disorder on the whole and the fraction of localized states occupied under
operational conditions.

163.4 Conclusions

We have modeled the C–V characteristics and extracted the occupied density of
defect states and their distribution. The defect states are located within the HOMO
level and their distribution is Gaussian. The occupied density of defect states is

Fig. 163.4 Occupied density
of defect states at various
temperatures and modulation
frequency of 1 kHz. Note that
only a specific part of the
occupied DOS is seen at a
fixed temperature

Table 163.1 Parameters
obtained from the fitting of
defect DOS at various
temperatures

Temperature (K) r
(meV)

E0

(meV)
nT
(1014 cm−3)

297 52 243 4.60

288 54 248 4.17

279 52 237 3.49

265 51 215 2.73

257 48 206 1.99
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calculated to be approximately 4.47 � 1014 cm−3 with disorder parameter ranging
from 54 to 48 meV in the temperature range of 297–257 K. Using this method, we
are also able to estimate the energetic disorder parameter of the HOMO level which
comes out to be 126 meV.
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Chapter 164
Optically Controlled Silicon on Nothing
MOSFET-Numerical Simulation

Vandana Kumari, Manoj Saxena and Mridula Gupta

Abstract In this work, the sensitivity of Silicon On Nothing (SON) MOSFET has
been investigated under the impact of light. The electrical parameters that we
studied in this work are drain current, Ion/Ioff ratio, threshold voltage and On-state
resistance (Ron). The variation in these parameters under the impact of wavelength
of light (mainly varied in ultra violet range) and beam intensity has also been
demonstrated. The dependency of the electrical parameters on the length of the
device has also been are investigated. All the simulations are performed using
ATLAS 3D device simulation under the ambient temperature condition.

164.1 Introduction

Silicon On Nothing (SON) MOSFET becomes one of the most promising device
design for future VLSI technology. Excellent suppression in Short Channel Effects
SCEs (like lower threshold voltage roll-off and sub-threshold slope) are observed
by using SON technology [1]. This performance improvement is mainly because of
insulating layer (i.e. Air in medium). In response to this property, SON technology
is widely used for digital as well as for analog application [2].
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Nowadays bulk MOSFETs are also used as photo sensors as compared to p-n
junction and other diodes. This is because of lower power dissipation, better sta-
bility and temperature invariability of MOSFET based photo detectors [3, 4].
Silicon On Insulator SOI based optical sensor has already been proposed in the
literature by Wemer et al. [5]. In addition, various techniques are also proposed by
the researchers to improve the optical sensitivity of device such as transparent gate
electrode, dual material gate engineering [6, 7].

In this work, sensitivity of Silicon On Nothing MOSFET architecture towards
light intensity has been investigated using ATLAS 3D device simulation. SON
architecture illustrates improved performance in respect to corresponding
SOI MOSFET owing to its better gate controllability and reduce SCEs. Various
performance metric studied in this work are drain current, Ion/Ioff ratio under light
and dark condition for different wavelength and light intensity. The impact of
device scaling on the optical sensitivity of SON MOSFET has also been investi-
gated through simulation study. The sensitivity of SON architecture with SOI and
bulk MOSFET has also been compared. All the simulations are performed at
ambient temperature using ATLAS 3D device simulator [8]. ZnO gate material has
been used to detect the sensitivity of the different MOSFET architectures. The
properties of ZnO gate material is taken from SOPRA data base [9].

164.2 Result and Discussion

The schematic cross sectional view of SON MOSFET is shown in Fig. 164.1a. tox
is gate oxide thickness and L is the channel length. The simulated results of
SON MOSFET are first calibrated with the available experimental results [1] of
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Fig. 164.1 a Schematic cross sectional view of Silicon On Nothing (SON) MOSFET; L is the
channel length, tsi is the channel thickness, source drain are uniformly doped to 1020cm−3.
b Simulated and experimental results of Silicon On Nothing MOSFET; L = 2 lm, channel
thickness tsi = 80 nm, nothing layer thickness = 350 nm, gate oxide thickness = 2 nm [1]
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SON MOSFET. The close proximity between the same as shown in Fig. 164.1b
validates the applicability of the models used during simulation.

Figure 164.2a compares the sensitivity of bulk, SOI and SON MOSFET towards
light intensity. As depicted, SON architecture exhibits lower leakage current
compared to other devices. Subsequently the sensitivity towards light intensity is
also higher in SON architecture. The sensitivity (S) of the device is calculated by
taking the ratio of the drain current (in sub-threshold region) under light and dark
condition (i.e. S = Ilight/Idark). The calculated sensitivity in case of SON is 107,
whereas it is 104 in case of bulk MOSFET and 106 in SOI MOSFET. This is
because, as the device is illuminated by the light intensity, the corresponding
effective gate voltage across the device modified which is higher in SON MOSFET.

Figure 164.2b shows the impact of light intensity on the drain current of
SON MOSFET. By changing (increasing) the light intensity, sensitivity of the
device increases. In addition to this, significant improvement in on-state is also
observed by modifying the light intensity.

Figure 164.3a illustrates the impact of gate length scaling on the optical sensi-
tivity of SON MOSFET. As the gate length decreases, leakage current of the device
increases along with the enhancement of sub-threshold slope. Also the reduction in
channel length results in the degradation in sensitivity of the device i.e. 65%. This is
because, as we decrease the channel length, the effective area exposed to light
decreases resulting in the degradation in sensitivity. At the same time the modu-
lation current (change in drain current during on-state i.e. Ilight–Idark @ Vgs = 1.5 V)
increases with the reduction in channel length. Compared to SOI and bulk
MOSFET, modulation current is also higher for SON MOSFET.
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Fig. 164.2 a Transfer characteristics of bulk, SOI and SON MOSFET under light and dark
condition; L = 2 lm, intensity 0.1 � 10−8 W/lm2, wavelength = 0.25 lm and b transfer char-
acteristics of SON MOSFET for different light intensity (I � 10−8 W/lm2); L = 2 lm and
wavelength = 0.25 lm
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Figure 164.3b shows the impact of light wavelength on the sensitivity of
SON MOSFET towards optical detection. By increasing the wavelength, sensitivity
of the device increases up to 0.4 lm wavelength and after that it starts decreasing
with further enhancement in the wavelength of light i.e. when light enters from
ultraviolet region to visible region. Similar effect is observed in case of modulation
current which starts decreases after certain wavelength.

Figure 164.4a compares the sensitivity (i.e. Ilight/Idark) of bulk MOSFET, SOI
and SON architectures. As seen from the results, the sensitivity of SON MOSFET is
approximately twice of that of bulk MOSFET and also higher from SOI MOSFET
when the device is biased in on region. However, the sensitivity is far superior in
the off state region compared to on-state region. From Fig. 164.4b, it can be seen
that the sensitivity of the devise deteriorates with the reduction in the channel
length. Also it can be inferred from Fig. 164.4a, b the sensitivity of the device is
superior in off state as compared to on state regime.

Figure 164.5 compares Ion/Ioff ratio variation of SON architecture with beam
intensity and wavelength of light respectively. As seen from Fig. 164.5a, Ion/Ioff
ratio decreases with the enhancement of beam intensity because the enhancement in
off state leakage current is more steeper than on-state current. Thus the device is
more beneficial to use as photo detector when it is biased in sub-threshold region
irrespective of on state regime. In Fig. 164.5b, Ion/Ioff ratio decreases with increase
in wavelength of light up to ultraviolet regime. But the Ion/Ioff ratio increase for
visible region wavelength compared to ultra violet light.

Table 164.1 compares the sensitivity of bulk, SOI and SON MOSFET for
efficient analog performance under the influence of light. Although, the on-state
current of the devices increases by using optical light beam. But it also results in the
degradation in Ion/Ioff ratio because of significantly enhanced off current of the
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Fig. 164.3 a Transfer characteristics of SON MOSFET under light and dark condition; intensity
0.1 � 10−8 W/lm2, wavelength = 0.25 lm and b for different wavelengths of light intensity;
L = 2 lm, intensity 0.1 � 10−8 W/lm2
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devices. Consequently device efficiency also increase with the impact of light
intensity due to the enhanced on-state current i.e. trans-conductance (gm). It can
also be observed that, compared to other devices, SON MOSFET shows higher
sensitivity towards the change in parameters under the influence of light intensity.

Fig. 164.4 Sensitivity (Ilight/Idark) comparison of a different devices; blue bar—Vgs = 1.5 V (on
state), red bar—Vgs = 0 V (off state). b SON architecture at different lengths Vgs = 0 V (off state)

(a) (b)

Fig. 164.5 Variation of Ion/Ioff of SON MOSFET ratio with a beam intensity having
wavelength = 0.25 lm and b wavelength of light having beam intensity = 0.1 � 10−8 W/lm2

for Vgs = 1.5 V
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164.3 Conclusion

Compared to Silicon On Insulator and bulk MOSFET, Silicon On
Nothing MOSFET exhibits higher sensitivity towards optical detection. Owing to
its lower band gap (due to silicon as channel material), device shows excellent
performance for optical detection due to the lower power dissipation (i.e. lower
leakage current). Results depicted that the sensitivity of the device is maximum in
the sub-threshold region. The modulation current is also higher in case of
SON MOSFET comparing to other devices. Thus lower leakage current,
sub-threshold slope along with the better sensitivity is achieved in case of
SON MOSFET with transparent ZnO gate material in visible region. Since the
sensitivity of the device is higher in sub-threshold region. Thus optical detection is
generally preferred when the device is biased in sub-threshold region and is used as
sensitivity parameters.
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Chapter 165
Degradation and Bias-Stress Effect
in TIPS-Pentacene Based Organic Thin
Film Transistors with Polymer Dielectric

Subhash Singh and Y. N. Mohapatra

Abstract We have investigated the drain-source current (IDS) instability or drift
due to continuous application of gate-source voltage (VGS) and drain-source voltage
(VDS). For gate bias stress, both increasing and decreasing behavior of IDS has been
observed and analyzed in terms of electron capture and emission respectively.
A phenomenological model is used to explain the non-exponential decaying tran-
sients. Drain bias effect is small but noticeable in terms of 3% increase in IDS. Apart
from bias-stress effect, the degradation of these devices is monitored by measuring
the dark transfer characteristics at regular interval of time over a period of 1 month.
The threshold voltage (VTh) changes are shown to be correlated with degradation in
carrier mobility.

165.1 Introduction

The solution processed organic thin film transistors (OTFTs) have potential
application in many large area and flexible electronic devices such as organic light
emitting diode (OLED), e-paper and radiofrequency identification tags. The IDS
instability in OTFTs due to continuous application of VGS and VDS is an obstacle for
their application in integrated circuits [1, 2]. The degradation of these OTFT
devices with time is also preventing their large scale commercialization. Both these
have been widely studied for different OTFT systems but the underlying mecha-
nisms for samples produced under different processing conditions are poorly
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understood. The bias stress effect has been studied by measuring IDS for 3000 s
continuously while degradation of OTFT devices observed by taking IDS–VGS

(transfer characteristics) at random time intervals over a time period of one month.

165.2 Aim of the Study

We have investigated the IDS instability in TIPS-pentacene based OTFTs under
continuous application of VGS and VDS applied for 50 min (3000 s) by using a
polymer dielectric poly-4-vinylphenol (PVP), in which the interface is deliberately
made defective to obtain better hole accumulation [3]. We propose a phe-
nomenological model to describe the IDS decay for large negative VGS pulse for
such interface engineered samples. Apart from bias-stress effect, the degradation of
these devices is reported in terms of IDS decrease and VTh shift by measuring the
transfer characteristics at different interval of time over a period of 1 month storing
them in desiccators.

165.3 Methods

The bottom gate and top contact OTFTs have been fabricated on ITO coated glass
substrate with cross-linked poly-4-vinylphenol (PVP) of 480 nm thickness as the
dielectric. We used 10 wt% poly-4-vinylphenol (PVP) and 5 wt% poly
melamine-co-formaldehyde as a cross-linking agent (CLA) for gate dielectric in
propylene glycol methyl ether acetate (PGMEA) as a solvent. TIPS-pentacene is the
active semiconductor layer for OTFT and is deposited after pretreatment of PVP
under ozone treatment to increase adhesion and improve static characteristics.
The typical values of the parameters are: saturation mobility = 1.1 � 10−2 cm2/Vs,
VTh = −4.16 V, ON/OFF ratio = 3 � 103, SS = 1.7 V/decade, NSS = 3 �
1012 cm−2 eV−1, and the dielectric capacitance as 17.87 nF/cm2. The devices have
channel length and width of 100 and 600 µm respectively. Thermally deposited
80 nm thick gold is used for top source and drain contacts. The characterization of
OTFT devices were carried out using a semiconductor parameter analysis system
consisting of automated source-measure unit (Keithley 2602A) for both steady state
I–V and transient measurements. All devices were fabricated in clean room envi-
ronment and characterized in a vacuum (10−2 mbar). Figure 165.1 shows the
chemical structures of PVP and TIPS-pentacene and the schematic cross-sectional
view of our OTFT device structure.
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165.4 Results

Figure 165.2 shows the output (IDS–VDS) and transfer (IDS–VGS) characteristics of a
typical TIPS-pentacene OTFT fabricated on ITO coated glass substrate in bottom
gate top contact geometry as described in the last section.

With increasing VGS from −15 V to −40 V (interval of 5 V), both increasing and
decreasing behavior of IDS has been observed and analyzed in terms of electron
capture and emission respectively. For the case of VGS = −15 V and VGS = −20 V,
IDS increases with time while IDS decreases for larger values of VGS.
A phenomenological model is used to explain the IDS decaying transients [4]. The
ozonization of PVP surface is necessary to adhere TIPS-pentacene thin film, but it
introduces OH− and O2

− ions at the interface, which serve as charge trapping sites
for device degradation. The non-cross linked hydroxyl groups on PVP surface are
also potential sites for charge trapping at dielectric-semiconductor interface [5]. The
field induced emission of carriers from interfacial ionic traps is shown to be central
for the observed effects.
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ITO Gate Electrode
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Fig. 165.1 Chemical structure of a PVP, b poly melamine-co-formaldehyde (CLA),
c TIPS-pentacene and d schematic cross-sectional view of OTFT structure. (Channel length,
L = 100 µm and width, W = 600 µm)
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The emission of these deep electron traps lead to reduction of field with time, and
hence reducing the ON current in the OTFT device. To understand the
TIPS-pentacene/PVP OTFT device degradation, we characterized our devices by
taking IDS–VGS (transfer characteristics) at random time intervals over a time period
of one month. We kept our devices in desiccators when not in use, to prevent the
effect of ambient moisture. It is clearly observed that the ON current decreases with
time, and VTh increases (becomes more negative). Figure 165.3 illustrated the
variation of VTh and mobility with respect to time. Over time from day 1 to day 18,
mobility changes from 7.96 � 10−3 to 3.1 � 10−3 cm2/Vs while VTh shifted from
−4 to −14.6 V. The changes in VTh and trap density NTrap in TIPS-pentacene OTFTs
when characterized progressively with time are listed in Table 165.1. This total trap

density (NTrap) for OTFT can be calculated using the relation NTrap ¼ CijDVThj
q [6]. It is
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observed that both the mobility and VTh degrade with time as shown in Fig. 165.3. It
leads to the conclusion that relaxation of the trapped charges into even deeper states
continue over long period of time along with their emission, and thus resulting in
increase in VTh.

165.5 Conclusion

In summary, the effect of continuous application of VGS and VDS has been
demonstrated on solution-processed TIPS-pentacene based OTFTs with interface
engineered for better adhesion and increased hole accumulation. We propose a
phenomenological model in which the field dependence of emission rate from
negatively charged interfacial defects, controlling the net field in the channel, can
explain the nature of the transients due to bias stress effect. The degradation during
storage over a month also seems to be related to deep trap emission and recapture
into deeper states.
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Table 165.1 Change in VTh and trap density NTrap in TIPS-pentacene OTFTs with storage time in
days

Time (days) VTh (V) DVTh (VTh, day − VTh, first day) (V) NTrap (cm
−2)

1 −3.56 − −

5 −5.31 −1.75 1.96 � 1011

6 −7.18 −3.62 4.04 � 1011

8 −11.15 −7.59 8.47 � 1011

10 −13.67 −10.11 1.13 � 1012

12 −14.02 −10.46 1.17 � 1012

18 −14.60 −11.04 1.23 � 1012
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Chapter 166
InGaAs Based Short-Wave Infrared
p-i-n Photodetector

Anand Singh, Sumit Jain, Anil Kumar and Vanita R. Agarwal

Abstract We report the fabrication of InP/In0.53Ga0.47As based short wave infrared
photodetector for remote sensing application. Smooth and vertical sidewalls in the
mesa isolation of the diodes using wet etching are observed with etch depth of more
than 2.2 lm. Ohmic contact to heavily doped n-type InGaAs by depositing Ti/Pt/
Au metal layer is formed using electron beam evaporation and showed the specific
contact resistance of 3 � 10−7 Ω-cm2. InGaAs based detector arrays are fabricated
in the 640 � 512 matrix with 25 lm � 25 lm detector pitch.

166.1 Introduction

ADVANCED solid state image sensors are compact, low power consuming and
possess multi-functional capability. InGaAs based short wave infrared (SWIR)
FPAs operable at near room temperature are suitable for applications such as space
based sensing, night vision, imaging in the low light conditions, gas monitoring and
communications etc. [1–4]. InGaAs detectors provide high quantum efficiency and
low dark current in the wavelength range of 0.9–1.7 lm and can also work per-
fectly in the passive mode by detecting air-glow in the night sky with a peak
emission at 1.6 lm [1, 4].

But, the dark current is still a barrier to achieve high sensitivity for active
imaging applications. More work is still required to minimize the surface leakage
current which dominates in the InGaAs/InP device performance on the reduced
detector size. The edge roughness of side-walls and the design of terminating
surface layer by appropriate passivation method are regarded as most critical pro-
cess steps for achieving better performance of the device. This paper reports mesa
etching of InGaAs using wet process to produce damage free surface and passi-
vation method of terminating interface states that is suitable for low surface
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recombination velocity and minimum surface leakage current. Low specific contact
resistance of the Ti/Pt/Au layer on InGaAs also ensures good device performance
and enhances the reliability of the device.

166.2 Experimental Details

The p-i-n structure is grown by the metal-organic chemical vapour deposition
(MOCVD) growth techniques. The schematic diagram of InGaAs/InP based SWIR
detector along with description of the layers is shown in the Fig. 166.1. The fab-
rication of the photodetector starts with the formation of n+ global ohmic contact.
The Ti/Pt/Au contacts are formed using photolithography (PLG), evaporation and
liftoff process. Mesa isolation of the diodes by wet etching process is introduced to
suppress the lateral diffusion and cross talk with citric acid (50%) and H2O2 based
etchant. A Si3N4 passivation layer of 2000 Å thickness is deposited immediately on
the top surface of the epilayer to suppress the leakage current using plasma
enhanced chemical vapor deposition (PECVD) technique. Passivation process is
developed to obtain good step coverage of the side wall profiles. The passivation is
etched out from the active area of the detector array by dry etching process with
CF4 and O2 gas plasma chemistry followed by the contact formation with Ti/Pt/Au
metals. Finally the performance parameters like dark current, quantum efficiency
and the product of dynamic resistance and area of the diode (R0A) are measured on
the fabricated detector array in the cryoprober test setup.

Fig. 166.1 The schematic diagram of InGaAs/InP based p-i-n photodetector
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166.3 Results and Discussion

Mesa isolation of the diodes in the detector array can be achieved using wet etching
or dry etching process. The use of energetic particles in the plasma assisted dry
etching process produces unwanted structural and electrical changes in the etched
surface due to exposure of ions and electrons on the surface. Contamination can
also induced in the surface of the detector during etching process and hence,
degrade the device performance. Low side wall damage in the mesa etching process
is required to achieve minimum surface leakage current. Hence, post-dry etch
treatment like wet etching is required to remove the damage.

A shallow etch mesa isolation process is developed here using wet etching
process to control the side wall edge roughness and hence, minimize the surface
recombination velocity. The fresh cleaned side wall is then passivated by Si3N4

layer using PECVD technique. Isotropic nature of the wet etching process posed
difficulty in maintaining the required dimension control in the detector elements of
the large format dense array. Therefore, the wet etching process using citric acid
(50%) and H2O2 based etchant is optimized separately at 45° orientations of
(100) InGaAs wafer. Optimum combination of wet etchant is used here in the
fabrication of detector arrays. Figure 166.2 shows the cross section of SEM images
of the side walls of the diodes in the array and provides vertical and smooth side
wall profiles. The dimension of the diode structure is 20 � 20 lm. Thus, the dark
current especially surface leakage current and diffusion current is minimized by
reducing the dangling bonds and defects at the edges of the surface.

Low and uniform contact resistance in the detector array is necessary for
desirable performance and long term stability of the fabricated device. Therefore,
the electrical characteristics of metal contact on the InGaAs/InP have been studied
separately. The Ti/Pt/Au metal layer is deposited on to the InGaAs by electron
beam evaporation technique and followed by rapid thermal annealing at 300 °C for
30 s. The specific contact resistance is characterized using circular transfer length
method (CTLM) shown in the Fig. 166.3. The specific contact resistance (qc) of

2 μm

Fig. 166.2 SEM image of mesa isolation of the diodes in the array. The dimension of the diode
size is 20 � 20 lm
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3 � 10−7 Ω-cm2 is found in the metal- In0.53Ga0.47As contact region. The surface
quality prior to metal deposition and post annealing reduce interface states at the
surface of InGaAs region and hence, low resistance is achieved on the metal/
InGaAs contact. InGaAs based SWIR detector arrays are fabricated in the
640 � 512 matrix with 25 lm � 25 lm detector pitch at SSPL lab. The current–
voltage (I–V) characteristics on a typical diode of the fabricated device is shown in
the Fig. 166.4. These are initial results and further improvement is required in the
performance of the detector array by the optimization of device parameters.
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166.4 Conclusion

A wet etching process for the mesa isolation of the diodes in the detector array has
been developed to achieve smooth surface of the side walls without affecting the
critical dimension of the diode. Low contact resistance and suitable passivation also
improve the performance of the device. The dark current of 20 nA at −2 V is
measured in the InGaAs based detector array.
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Chapter 167
Optimization of Al Composition in EBL
of InGaN/GaN Based Laser Diodes

Abhishek Sharma, Kamal Lohani, Pramod Kumar and Alok Jain

Abstract p-type AlGaN Electron Blocking Layer (EBL) has been used success-
fully for suppression of electron leakage to the p side cladding layers. InGaN/GaN
based laser diodes have been investigated numerically for improvements in the
output parameters of laser diodes by adjusting the Al composition of the EBL. It is
found that Al composition in the EBL is critical for optimum performance of the
laser diodes.

167.1 Introduction

InGaN-based laser diodes (LDs) are attracting tremendous attention for their
applications in many fields like micro projectors, high density data storage,
chemical sensors, underwater optical communications etc. [1, 2]. However, the
development of InGaN-based laser diodes is challenging due to various issues like
incorporation of high In content in the quantum wells (QWs), presence of polar-
ization charges in c-plane grown laser structures, p type doping with high carrier
concentration etc. Apart from these InGaN based laser diodes exhibit considerable
leakage of electrons because of the weak confinement capability of electrons within
quantum wells. As a result, the poor hole injection efficiency due to heavy effective
mass and low mobility will be further deteriorated because of the recombination of
carriers in the p-type region [3]. A number of methods have been proposed to
improve the efficiency of InGaN based laser diodes. Among them, the utilization of
p-type AlGaN electron blocking layer (EBL) behind the active region is a common
way because EBL is considered to limit electron leakage into the p-side of the laser
diodes [4].

Composition of p-type AlGaN EBL has a direct effect on the performance of
laser diode. In the present work we have studied the effect of Al composition in
EBL on the output parameters of laser diodes. Al composition in the p-AlGaN EBL
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has been varied and its effect on threshold current and slope efficiency of laser
diodes is studied. The Aim of the study is to optimize Al composition in the EBL
for reducing the electron leakage at the same time without blocking the hole
injection into the QWs. InGaN/GaN based laser structure are simulated in PICS3D
simulation software. Results are analyzed to improve the performance of InGaN/
GaN based laser diodes.

167.2 Experiment Design and Simulation

Laser diode epitaxial structure under study was designed for laser emission at
wavelength 405 nm. It is grown on n-GaN substrate in the (0001) direction. Laser
epitaxial structure consists of a n-GaN substrate, a 1 µm thick n-Al0.14Ga0.86N/GaN
super lattice cladding layer (Si: 3 � 1018 cm−3), a 150 nm thick n-GaN barrier
layer (Si: 3 � 1018 cm−3), 3 pairs of In0.12Ga0.88N (t nm, undoped)/GaN (12 nm,
Si: 5 � 1017 cm−3) QWs, a 20 nm thick p-AlxGa1−xN (Mg: 1 � 1017 cm−3) EBL,
a 110 nm thick p-GaN waveguide layer, a 500 nm thick p-Al0.12Ga0.88N/GaN (Mg:
1 � 1017 cm−3) super lattice cladding layer and a 50 nm thick p-GaN (Mg:
5 � 1017 cm−3) cap layer. Composition x of the EBL was varied from 0% (i.e.
absence of EBL) to 20% to study the effect on threshold current and slope efficiency
of the laser diode. Laser diode cavity length is kept 1000 µm and facet reflectivity
of front and back facets is 18%.

167.3 Results and Discussion

Laser diodes have the problem of electron leakage to the p type cladding layers
generally referred as electron leakage current. These leaked electrons do not con-
tribute in lasing and further recombine with the available holes in the p type
cladding layers. This also reduces the effective hole injection from the p side to the
quantum well. This problem is enhanced for InGaN based laser diodes due to
presence of polarization fields present in the QW regions. Presence of these
polarization fields reduces the effective barrier height for electrons because of tilting
of bands. AlGaN based EBL is used for suppressing the electron leakage from QWs
to p side cladding region. However, the Al composition in the EBL layer is required
to be selected judiciously to achieve lower values of threshold currents and higher
slope efficiency.

The self-consistent Schrödinger-Poisson equation was employed to calculate the
energy band profile with a commercial software package PICS3D [5]. In the cal-
culation, built-in interface charges due to spontaneous and piezoelectric polarization
were calculated according to the parameters given by Bernardini et al. [6].

Al composition in the EBL was varied from 0% (i.e. absence of EBL) to 20%
and its effect on threshold current and slope efficiency was studied. We found that
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Al composition of 9% gives the best slope efficiency (Fig. 167.1) for the laser
structure under study while threshold current is minimum for 12% Al composition
(Fig. 167.2). But the variation of threshold current for Al composition from 9 to
14% is not very steep. When we increase the Al composition in the EBL, barrier
height for the electrons at the conduction band increases and suppress the electron
leakage current and leads to better slope efficiency.

If we increase the Al composition in the EBL further it also creates a barrier for
holes at valance band and therefore reduces the hole injection into the QW regions.
On the other hand if the Al composition is below certain range barrier height for
electrons is not enough to suppress the leakage of electrons and they leak out to p
regions.

In addition electron leakage current has been plotted as a function of vertical
position of laser structure for different Al composition in EBL (Fig. 167.3). It
shows that electron leakage is minimum for 9% of Al composition. When we
decrease the Al composition in EBL electron leakage increases as there is not
enough barrier available at the conduction band for blocking of electrons. When we
increase the Al composition in the EBL layer beyond 9% electron leakage starts to
increase because of downward bending of conduction band in the last QW barrier
and reducing the effective barrier height for electron blocking [7].
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167.4 Conclusion

Role of Al composition in the EBL on the output parameters of laser diodes is
studied numerically. We have concluded that 9% of Al composition is best suited
for laser epitaxial structure under study. It creates a barrier for blocking of electrons
to suppress the electron leakage from QWs to p type cladding layers. The com-
position of Al also does not hinder the injection of holes to the QW regions.
Therefore it provides high slope efficiency as well lower threshold current.

Acknowledgement Authors would like to thank Director SSPL for allowing to carry out the
above work.
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Chapter 168
Highly Reflective Low Resistance Pt/Ag/
Ni/Au Based Ohmic Contacts on p-GaN

A. Chauhan, Kuldip Singh, Manish Mathew,
Rajender Singh Kundu and Rajesh Punia

Abstract A metallization scheme of Pt/Ag/Ni/Au (0.6/120/20/40 nm) metal layers
with high reflectance and good surface morphology has been developed for
obtaining low resistance ohmic contact on p-GaN. These metal layers were
deposited by electron beam evaporation system on p-GaN. The metal contacts were
annealed in different ambient conditions (N2, air and N2 + O2). The as-deposited
contacts exhibit nonlinear current-voltage behaviour with reflectivity of *95% at
470 nm wavelength. The air annealed Pt/Ag/Ni/Au contacts at 500 °C exhibit
linear current-voltage behaviour with low specific contact resistance of
2.4 � 10−2 Ω-cm2. The reflectivity of air annealed contact at 500 °C was decreased
to *88.4% at *470 nm compared to as-deposited contacts (*95%).

168.1 Introduction

III-nitrides are very important materials for development of optoelectronic devices
such as light emitting diodes (LEDs) in the wavelength range of 450–470 nm for
solid-state lighting applications [1, 2]. The flip chip and vertical design has been
exploited for fabrication of blue light-emitting diode to improve the extraction
efficiency and thermal management. In flip chip and vertical design, the light
emitted from active region is reflected from reflective ohmic contacts on p-type
GaN. Since, the silver (Ag) is very reflective material with reflectance *95% in the
wavelength range 460–550 nm, therefore Ag based ohmic contacts are good can-
didates for fabrication of such LEDs. The Ag-based low contact resistance on
p-GaN in the range of 10−3–10−4 Ω-cm2 has been reported when they were
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annealed in oxygen ambient [3–5]. However, annealing in oxygen ambient causes
the oxidation of Ag and therefore surface of contact becomes rough. Due to rough
surface, the reflectance of contact is reduced. Therefore, to prevent the oxidation of
Ag is the key parameter for obtaining high quality smooth ohmic contact with high
reflectivity (>80%) for fabrication of flip chip and vertical design based LEDs for
solid-state lighting applications.

In this article, we present Pt/Ag/Ni/Au based contacts on p-GaN with high
reflectance (>80%) and low contact resistance. For surface morphology analysis,
scanning electron microscopy (SEM) (JEOL, JCM 5700) of the contacts was per-
formed. The electrical and optical properties of these contacts were also discussed.

168.2 Experimental Work

In this study, metal organic chemical vapour deposition (MOCVD) epitaxially
grown LED structure was used. The LED structure was grown on c-plane sapphire
substrate. The LED structure consists of a *25 nm GaN nucleation layer, *2 µm
thick undoped GaN, *2 µm thick n-GaN (Si-doped), an active region, *30 nm
AlGaN (Mg-dope) electron blocking layer and 150 nm p-GaN (Mg-doped). The
active region consists of five InGaN/GaN quantum wells (QWs) embedded between
n-GaN and p-GaN layers. The thicknesses were *3 and 10 nm for InGaN QWs
and GaN barriers. Trimethylindium (TMIn), gallium (TMGa), trimethylalumium
(TMAl) and ammonia (NH3) were used as the source materials of In, Ga, Al and N,
respectively. Bicylopentadienyl magnesium (CP2-Mg) and silane (SiH4) were used
as the p-type and n-type dopants. For activation of Mg, wafer was annealed at 700 °
C for 1 min in N2 ambient in rapid thermal annealing system. The holes concen-
tration and holes mobility were 1 � 1017/cm3 and 2 cm2/V.s, respectively.

In order to measure the specific contact resistance and the transmittance of the
Pt/Ag/Ni/Au (0.6/120/20/40 nm) films, first epitaxially grown samples and glass
substrates were cleaned with acetone, isopropyl alcohol and de-ionized water.
The TLM pattern with pad size of 200 µm � 200 µm with gap spacing of 5, 10,
15, 20, 25 and 30 µm were defined by lithography. Prior to deposition of metals,
TLM patterned samples were pre-etched at room temperature in HCl and DI water
solution in ratio of (1:1) for 40 s to remove the native oxide. After cleaning in HCl
solution, of samples and glass substrates were loaded in e-beam chamber. Pt/Ag/
Ni/Au (0.6/120/20/40 nm) films were deposited on glass substrates and patterned
TLM structures on epitaxially grown LED sample by electron beam evaporation at
the base pressure of 1.2 � 10−6 torr. TLM pads were realized by lift-off process.
The samples were annealed for 3 min at 500 °C in N2, N2 + O2 and air ambient.
The I-V characteristics of these contacts were measured. The light reflectance of
these contacts was measured using visible spectrophotometer (USB4000, Ocean
optics).
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168.3 Results and Discussions

Figure 168.1 shows the current-voltage characteristics of as-deposited and annealed
Pt/Ag/Ni/Au contacts at 500 °C with different ambient conditions. The as-deposited
and annealed contact at 500 °C in N2 ambient exhibited the non-linear I-V beha-
viour, while contact annealed in air and N2 + O2 ambient exhibited liner I-V.
Figure 168.2 shows the contact resistivities of Pt/Ag/Ni/Au contacts as a function
of annealing ambient. The contact resistivities were measured from plot of mea-
sured resistance versus contact pad spacing. The specific contact resistivities of
as-deposited and annealed at 500 °C in N2, N2 + O2 and air ambient were obtained
1.28 � 10−2 Ω-cm2, 6.36 � 10−2 Ω-cm2, 2.65 � 10−2 Ω-cm2 and 2.4 � 10−2 Ω-
cm2, respectively. The formation of low specific contact resistance may be due to
high work function of Pt in contact with p-GaN. Another possible reason of low
resistance may be due to Pt diffusion in GaN. The Pt that diffuses creates Ga
vacancies through outdiffused Ga. This Ga may act as acceptor and thus resulting in
an increase of p-doping concentration at interface.

Figure 168.3 shows the light reflectance as a function of wavelength of
as-deposited and annealed films at 500 °C in N2, N2 + O2 and air ambient. The
as-deposited Pt/Ag/Ni/Au film shows the reflectivity of *95% at 470 nm wave-
length. The N2, N2 + O2 and air annealed film reveals the reflectivities in the range
of 85–90% at 470 nm wavelength. The high reflectance of these contacts was
attributed to high transmittance of nano-scaled (<1 nm) thin Pt layer in wavelength
range of 460–550 nm. The incident light on nano-scaled Pt layer transmits easily
and reflected back from Ag surface and again transmits from nano-scaled Pt layer.

The surface morphology of metal contacts to p-GaN is very important. The
surface of contacts should be smooth for high reflectance and better adhesion of
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Fig. 168.4 SEM images of Pt/Ag/Ni/Au contacts on p-GaN; a as-deposited b annealed in air at
500 °C c annealed in N2 at 500 °C d annealed in N2 + O2 ambient at 500 °C
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metal layers. The surface morphology of Pt/Ag/Ni/Au contacts are analyzed by
scanning electron microscopy (SEM). Figure 168.4 shows the SEM images of
as-deposited and annealed Pt/Ag/Ni/Au contacts at 500 °C in different ambient.
The SEM images showed that the surface morphology of as-deposited and sample
annealed at in 500 °C in nitrogen ambient was very smooth (Fig. 168.4a, c).
However, samples annealed at 500 °C in air and N2 + O2 ambient was rough
(Fig. 168.4b, d). The roughness of surface of contacts annealed at 500 °C in air and
N2 + O2 ambient may be attributed to oxidizing of Ag and forming small balls due
to balling up effect. The small decrease in reflectivities of contacts annealed at 500 °
C in air and N2 + O2 ambient compared to contacts annealed in N2 ambient and
as-deposited is due to light transmission from thinner area of the contact. The thin
layer of Ni in Pt/Ag/Ni/Au contacts play important role for smooth surface after
annealing at 500 °C in air and N2 + O2 ambient. During annealing of the contact in
air and N2 + O2 ambient, it is high possibility that Ni is converted in NiO. The
formation of NiO is thermodynamically favourable [4]. This NiO may act as
effective passivation layer for diffusion of Ag atoms from surface to the grain
boundary.

168.4 Conclusion

In conclusion, metallization scheme consisting of Pt/Ag/Ni/Au metal layers was
developed with high reflectance and low resistance ohmic contacts to p-GaN.
A good ohmic contact with specific contact resistance of 2.4 � 10−2 Ω-cm2 and
reflectance of 88.4% at 470 nm was obtained for sample annealed at 500 °C for
3 min in air ambient. The results showed that Pt plays an important role in for-
mation of an ohmic contact on p-GaN either by creating Ga vacancies or due to its
high work function.
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Chapter 169
Three Dimensional Thermal Modeling
of Laser Diode Stack

Pramod Kumar, Abhishek Sharma and Alok Jain

Abstract The aim of the study is to analyze the influence of heat load and
structural parameters on junction temperature, temperature profiling and thermal
resistance of laser diode stack. To know optimal structural parameters and tem-
perature profiling, three dimensional steady and transient state thermal modeling of
laser diode stack using Comsol software is carried out. The effect of pulse duration,
heat load, submount height and thickness variation were studied to know the dis-
tribution of temperature along the whole structure of laser diode stack. Modeling
study make it possible to design and select out the optimal values of structural
parameters corresponding to the minimum thermal resistance of the structure.
Results showed that the most important parameter of whole structure is thickness of
CuW submount.

169.1 Introduction

LASER diode stack finds application in pumping of solid state lasers. A laser diode
stack having rack and stack configuration is shown in Fig. 169.1. In this scheme,
laser diode bars are sandwiched between the two heat spreaders like CuW and
cooling is taking place on both side. Each bar is attached to heat spreader through
some solder like AuSn. Heat spreader is one of the most important parts in the
development of laser diode stack because it provides mechanical support, electrical
connections, and primary heat dissipation path towards the AlN base plate. Finally
the whole assembly is bonded through solder like indium to cupper heat sink. Laser
diode stack of 1 kW peak power consists of identical ten laser diode bars each
capable of emitting 100 W peak power. Laser diode bars are operated in QCW
mode (200 ls, 20 Hz, duty = 0.4%). Average heat load is small and duration of
pump pulse relative to total time is <1%, so each bar can be considered independent
from other when thermally analysed [1–5]. For this reason, only five laser diode
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bars stack as shown in Fig. 169.1, is analysed in this study. The active region or
junction of laser diode is considered heat generation source. The bottom temper-
ature of cupper heat sink is kept at constant temperature with the help of thermo-
electric cooler. All other surfaces are considered thermally insulated. Comsol
Multi-physics software [6] is used to solve the three dimensional heat conduction
equation. The temperature distribution along the laser diode bar and heat sink can
be obtained by solving the following three dimensional heat equation.

@2T
@x2

þ @2T
@y2

þ @2T
@z2

þ Qg

: ¼ 1
a
@T
@t

ð169:1Þ

where, a ¼ K
qC

Where a is thermal diffusivity; K is the thermal conductivity; q is density; C is

the specific heat,Qg

�
is heat generation rate per unit volume.

To know the thermal performance of laser diode stack, evaluation of junction
temperature of each bar, temperature distribution along the whole structure and
thermal resistance is of paramount importance. Considering typical efficiency
*50%, each laser diode bar will generate 100 W heat and Peak Heat Flux
*1 kW/cm2 will be generated. The heat will rise its junction temperature. Laser
diode is a highly temperature sensitive device and its all important performance
parameters (Threshold Current, emitted wavelength, slope efficiency power output)
are highly temperature dependent. It is therefore as an urgent task; heat should be
removed quickly to control the junction temperature. For quick removal of heat
the whole structure need to be optimized and thermal resistance need to be
minimized. To maintain high efficiency and long life time, the operating junction
temperature of the bar should be as low as possible, typically it should not go
beyond 55 °C [7]. The influence of structural parameters of laser diode stack on
junction temperature and hence thermal resistance is analysed.

Fig. 169.1 Schematic diagram of five bars laser diode stack (Side view)

1104 P. Kumar et al.



169.2 Results and Discussion

Three dimensional steady state and transient state modeling study using COMSOL
software is carried out to evaluate and analyze the junction temperature, tempera-
ture profiles along the structure and thermal resistance of QCW operated laser diode
stack. The variation and influence of the following parameters-effect of pulse
duration and repetition rate, thermal load, height and thickness variation of CuW
submount is studied.

169.2.1 Steady State Thermal Modelling

Heat source variation

Laser diode is operated in QCW mode (200 ls, 20 Hz) and emitting 100 W peak
power. The operating pulse width is varied in the range of 200 ls, 0.5, 1.0, 1.5, 2.0
and 2.5 ms. The junction temperature uplift is evaluated with corresponding
average heat and tabulated below

Table 169.1 shows that temperature uplift of the junction for one watt of heat is
0.84 and thermal resistance of the package is 0.84 °C/W. Temperature of bars along
a cut line is shown in Fig. 169.2. Five peaks in the curve are corresponding to
junction temperature of five bars in the stack. Results shows junction temperature of
all bars are not same, it higher for centre located bars and lower on both edge side
bars. Temperature asymmetry is also observed because heat source in laser diode is
also asymmetric towards left side. It is also seen that temperature of fifth laser diode
on right side is lowest because thermal mass on right side is more compare to left
side.

Submount CuW height variation

Table 169.2 shows that height of the CuW submount should be as minimum as
possible for better thermal cooling. In practice gap (d) between the rear facet of
laser diode and base plate is kept at least 0.5 mm to ensure electrical insulation. The
height of the CuW is chosen 1.5 mm corresponds to the minimum temperature
uplift.

Table 169.1 Junction
temperature uplift

(Qg)av, Watt DTj, °C

0.4 0.34

1.0 0.84

2.0 1.68

3.0 2.52

4.0 3.36

5.0 4.20
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Table 169.3 shows junction temperature uplift is decreasing with increasing
thickness of the soubmount. But another limit on submount thickness comes
because of total output power from emitting area and power density required to
meets the specified requirement. Temperature distribution along the whole structure
is also shown in Fig. 169.3.

169.2.2 Transient State Thermal Modelling

In transient study junction temperature of the bars are evaluated while operating in
QCW mode with peak heat pulse of 100 W with varying pulse width 200 ls,

Fig. 169.2 Junction temperature along lateral position

Table 169.2 Temp uplift
versus submount height

Height H, mm DTj, °C

1.5 3.06

2.1 4.01

2.5 6.64

Table 169.3 Temp uplift
versus submount thickness

Thickness D, lm DTj, °C

50 16.32

100 9.47

150 6.97

300 4.01

600 2.5

1106 P. Kumar et al.



500 ls, 2.5 ms and frequency repetition rate is kept at 20 Hz. The submount
thickness is varied in the range of 50, 100, 150, 300, 600 lm. The dependence of
maximum temperature of the active region at the moment corresponding to the end
of the given pulse is evaluated for varying thickness of submount and plotted in
Fig. 169.4, 169.5 and 169.6. Figure 169.7 shows how the junction temperature
shoots up to 140 °C if submount thickness is thin *50 lm. To keep the junction
temperature under permissible limit of 55 °C, submount thickness should be equal
or more than 300 lm.

Fig. 169.3 Three dimensional thermal profiling: temperature (K)

Fig. 169.4 Max temp of active region (200 µs, 20 Hz, 100 W)
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Fig. 169.5 Max temp of active region (500 µs, 20 Hz, 100 W)

Fig. 169.6 Max temp of active region (2.5 ms, 20 Hz, 100 W)

Fig. 169.7 Max temp of active region
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Modeling study make it possible to design and select out the optimal values of
structural parameters corresponds to the minimum junction temperature and hence
thermal resistance of the structure. Results showed that the most important
parameter of whole structure is thickness of CuW submount and optimized struc-
tural values of submount thickness 300 µm and height 1.5 mm, gap 0.5 mm,
thickness of AlN insulator base plate 500 µm are found out. Optimized values of
the above structural parameters are used for the development of 1 kW laser diode
stack.

169.3 Conclusions

Three dimensional steady and transient state thermal modeling of laser diode stack
is carried out. The effect of pulse duration, heat load, submount height and thick-
ness variation were studied to know the maximum junction temperature, thermal
profiling along the whole structure and thermal resistance of laser diode stack.
Modelling study make it possible to design and select out the optimal values of
structural parameters corresponds to the minimum junction temperature and hence
thermal resistance of the structure. Results showed that the most important
parameter of whole structure is thickness of CuW submount.
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References

1. V.V. Bezotosnyi, YuP Koval’, N.V. Markova, YuM Popov, M.N. Gruden’, V.I. Shveikin,
Characteristics of the emission of 805–810 nm radiation by linear injection-laser arrays used to
pump solid-state lasers. Quantum Electron. 25(2), 93–95 (1995)

2. S. Adlivankin, V.V. Bezotosnyi, N.V. Markova, G.T. Mikaelyan, YuM Popov, S.N.
Porezanov, Radiative characteristics of two-dimensional arrays of AlGaAs/GaAs diode lasers
emitting at the wavelength 0.81 lm and intended to pump solid-state active elements. Quantum
Electron. 26(11), 949–951 (1996)

3. V.V. Bezotosnyi, KhKh Kumykov, N.V. Markova, Thermal conditions in high-power
monolithic linear injection-laser arrays. Quantum Electron. 26(9), 755–758 (1996)

4. V.V. Bezotosny, K.K. Kumykov, N.V. Markova, Ultimate output parameters of laser-diode
bars and arrays. Quantum Electron. 27(6), 481–484 (1997)

5. V.V. Bezotosny, KhKh Kumykov, Modelling of the thermal parameters of high-power linear
laser-diode arrays. Two-dimensional transient model. Quantum Electron. 28(3), 217–220
(1998)

6. www.comsol.com for comsol multi physics software
7. V.V. Bezotosnyi, O.N. Krokhin, V.A. Oleshchenko, V.F. Pevtsov, YuM Popov, E.A. Cheshev,

Emission parameters and thermal management of single high-power 980-nm laser diodes.
Quantum Electron. 44(2), 1–4 (2014)

169 Three Dimensional Thermal Modeling of Laser Diode … 1109



Chapter 170
Studies on Iodine Based Polishing
of HgCdTe Material

Radheshyam Nokhwal, Anshu Goyal, B. L. Sharma, Varun Sharma,
Raghvendra Sahai Saxena and R. K. Sharma

Abstract Surface of Hg1−xCdxTe material epitaxial layers is prepared by Iodine–
Potassium Iodide based non-aqueous solution. This solution provides better stoi-
chiometry at the surface compared to conventional bromine based etchant as evident
in the X-ray photoelectron spectroscopy. Ellipsometry measurement also indicated
the better cleanliness of the surface, when etched with the Iodine–Potassium Iodide
chemical solution. The morphology observed under the Nomarski microscope,
showed improved surface. The root mean square roughness was measured using
AFM at the surface of HgCdTe, prepared by polishing with the iodine–potassium
iodide based solution was found to be *0.74 nm.

170.1 Introduction

Hg1−xCdxTe alloy with the Cd composition range from *0.2 to 0.3, whose band
gap varies from 0.1 to 0.25 eV respectively, is widely employed for the fabrication
of multi color infrared detectors [1]. The performance of the detectors made of this
narrow band gap material is strongly influenced by the surface quality as a result of
chemical treatments [2, 3]. Bromine based etchants are broadly used for surface
treatment of HgCdTe for the device processing. The Bromine based etchants are
effective in removing a few micron defective layer, formed in liquid phase epitaxial
(LPE) growth or left out after the powder (Al2O3) polishing. It is widely reported
that Bromine based etchants leave Te-enriched surface layer with rounded edges
resulting in lack of planarity because of non-uniform etch rates [1–3]. The etch rate
of Cadmium is the largest, which is followed by that of Mercury and then Tellurium
[4]. Since cadmium etching occurs even in the removal of first few atomic layers
from the surface, the prevention of cadmium depletion is very difficult. The ele-
mental tellurium remains on the surface and continued etching can reveal the crystal
defects such as tellurium inclusions in epilayer [5] that has been suspected of
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inducing degradation in the properties of its interface with the passivant [5, 6]. To
overcome the problems associated with the Bromine based etchants, a new Iodine
based chemo mechanical polishing solution has been reported by us [6]. This
polishing solution leaves a better stoichiometry at the surface for passivation, with
lower removal rate as compared to other bromine based etchants. Various results on
polishing with iodine based solution are discussed here.

170.2 Experiment

Hg1−xCdxTe material used in this study was grown by bulk crystal growth method
for x * 0.2Cd composition and heteroepitaxy by vertical dipping liquid Phase
Epitaxy (VD-LPE) on the lattice matched cadmium Zinc Telluride substrate for
x * 0.3 Cd composition. The bulk and as-grown epilayer were chemo-mechanical
polished with the Sol. 1: (1%) Bromine in water based HBr and Sol. 2: (I2:KI:
C2H6O2):(1 g:4 g:10 ml) + KOH diluted with ethylene glycol in ration of 1:8 [6].
The quantitative evaluation of stoichiometry on the surface of MCT was done by
X-ray photoelectron spectrometry (XPS). Surface cleanliness was observed quan-
titatively by the Ellipsometry(Gartner Scientific Inc. make, He-Ne laser based single
wavelength 6328 Å). Surface morphology of the polished epilayers was evaluated
by Nomarski optical microscope as well as atomic force microscopy (AFM).

170.3 Result and Discussion

170.3.1 Surface Stoichiometric Analysis of Hg(1−x)CdxTe
(x ~ 0.2) Bulk

At the developing stage of iodine based solution, experimentation was carried out
on bulk material (x * 0.2). The XPS spectra were recorded with an Omicron
Spectrometer having a energy resolution was order of 0.6 eV with EA 125 energy
analyser. In every measurement, binding energy scale was calibrated using
adventitious carbon at 285 eV. The polished samples were promptly loaded in the
vacuum chamber of XPS system and the complete survey scan of XPS was
recorded on bare (untreated) surface of MCT (x = 0.2) as shown in Fig. 170.1.

It shows that Cd, Hg and Te elements along with the C and O are present at the
surface of MCT epilayer. The existence of elements O and C are due to the samples
exposure in air. Out of many peaks of Cd, Hg, Te as shown in the survey spectrum,
three peaks of Cd (3d5/2), Hg (4f7/2) and Te (5d5/2), were selected for study
because of higher photo-ionization crossection. The area under these peak is
directly related to quantity of that element. Using the area under the peaks and their
relative sensitivity factors (RSF), the stoichiometric was found for the surface of
MCT in both the samples.
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In this experiment, XPS spectra were recorded on as-grown sample, secondly for
the surface prepared by Sol. 1 and thirdly for the surface prepared by Sol. 2 for
both the bulk (x = 0.2) and epitaxial layer (x = 0.3). We found that there was no
chemical shift among the peaks after treatments in respective samples but the areas
under the peaks have changed that were calculated and reported for both the
samples in Table 170.1. The composition of the epilayer was also measured by the
FTIR measurements and found to be similar (results not shown here). It may be
inferred from the table that the ratio of Hg/Cd have increased but (Hg + Cd)/Te is
sharply decreased in case of Sol. 1, which is similar to the findings reported in
literature [7, 8]. In comparison to iodine based solution Sol. 2, these ratios are
altered very less, also shown in Table 170.1. This analysis shows that the iodine
based solutions provide less Te-rich surface than bromine based solution and the
alteration in ratio Hg/Cd was also very low. Hence it can be concluded that iodine
based solution provides surface with better stoichiometric ratio than that in case of
bromine based solutions.
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Fig. 170.1 XPS survey scan of the surface of MCT epilayers

Table 170.1 XPS results of epilayers after chemo-mechanical polishing with three different
solutions

Stoichiometric analysis of surface of Hg(1−x)CdxTe (x = 0.2) bulk with various solution

Surface condition of sample (Hg + Cd): Te
(atomic ratio)

Hg:Cd (atomic
ratio)

As-grown sample 0.98:1 0.80:0.19

Sol.1, Prepared surface using (HBr + Br2) 0.20:1 0.90:0.10

Sol.2, Prepared surface using (I2:KI:C2H6O2):
(1 g:4 g:10 ml) + KOH

0.44:1 0.78:0.22
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170.3.2 Ellipsometry Analysis

The surface quality of polished MCT epilayer (x * 0.3) by Sol. 2 was also
observed by Ellipsometry technique. Ellipsometric parameters ‘delta’ (D) and ‘psi’
(W) are measured to ensure the cleanliness of the MCT surface. The value of
parameters D and W corresponding to ideal MCT (x-composition * 0.3) clean
surface are 148.40 and 11.20 respectively. The shift in these values indicates the
surface contamination/damage. Two samples polished with Sol. 2 were examined
using Ellipsometry. The samples, named here as sample-A and sample-B, were
treated identically and Ellipsometric measurements were carried out. The
Ellipsometric parameters corresponding to the clean, oxides & contamination free
MCT surfaces of these samples are shown in Table 170.2. These values ensure that
surface is also not Te-rich (for elemental Te, ‘delta’ is � 149°) [9].

170.3.3 Surface Morphology and Roughness

Samples were chemo-mechanical polishing with Sol. 2 and cleaned in de-ionized
water followed by drying using high purity nitrogen gas. These layers were
observed in phase contrast microscope to qualitatively assess their surface, which is
displayed as images in Fig. 170.2a. Morphology and roughness of MCT surface
was measured by AFM in the tapping mode after surface preparation with Sol. 2.
Fig. shows the micrographs having root mean square roughness of 0.74 nm over the
area of 10 � 10 µm2. It shows the smooth surface morphology.

Table 170.2 Ellipsometry results of epilayers prepared by the chemo-mechanical polishing with
solution Sol. C

Sample no. Points D (148.40) W (11.20)

Sample-A 1
2

146.42
146.45

11.3
11.3

Sample-B 1
2

147.60
147.26

11.2
11.2
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170.4 Conclusion

Surface of HgCdTe material was prepared by a specific Iodine based Non-aqueous
solution and characterized by XPS, Ellipsometery and AFM techniques. We have
found in optical microscopy that the surface morphology of epilayers
chemo-mechanically polished using Iodine based etchant is better compared to that
obtained with other conventional etchants, which are usually Bromine based. The
ellipsometeric parameters are near to the ideal value of clean HgCdTe surface.
Further, the roughness of these epilayers is around 0.74 nm over the area of
10 � 10 µm2.

Acknowledgements The authors are grateful to Dr. Ashok Kapoor, Mr. Akhilesh Pandey and
Ms. Garima Gupta for using the characterization tools.
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Chapter 171
Electrical Characteristics of Spray
Deposited n-ZnO:Sr/p-Si Heterojunction

P. V. Raghavendra and J. S. Bhat

Abstract This work explores the fabrication of n-ZnO:Sr(3%)/p-Si heterojunction
by low cost spray pyrolysis method and its characterization by XRD, spectroscopic
ellipsometer and AFM to understand structural and surface morphological features.
The temperature dependent hetero junction properties were investigated by
Current–Voltage–Temperature (I–V–T) measurements. The forward and reverse
bias characteristics were studied in the temperature range of −30 to +30 °C. Low
turn on voltage was noticed in these devices. The resultant turn-on voltage varies
inversely with temperature and reverse saturation current significantly decreases at
lower temperatures.

171.1 Introduction

In the recent years, there has been considerable interest in the development of pure
and doped metal oxide based heterojunctions for various applications [1]. Zinc
oxide (ZnO) is one of the cost effective n-type transparent metal oxide used in the
fabrication of heterojunction with the p type materials like copper oxides [2],
chalcogenides [3], p-silicon [4] etc. Among these materials, p-Si substrate is a good
choice to fabricate ZnO based devices for various optoelectronic applications. The
characteristics of the resulting hetero-junctions can be tailored by doping ZnO with
appropriate elements, as well as by selecting suitable deposition technique. There
are many deposition methods reported to fabricate ZnO based thin film hetero-
junctions. The prominent methods include molecular beam epitaxy (MBE), atomic
layer deposition (ALD), sputtering methods, physical vapour deposition (PVD),
pulsed laser deposition (PLD), chemical vapor deposition (CVD), sol-gel methods,
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spray pyrolysis etc. [5, 6]. Among these spray pyrolysis is one of the cost effective
method for mass production. However, strontium doped ZnO (ZnO:Sr) based
heterojunctions are rarely been reported. Since, ZnO:Sr thin films exhibit attractive
optoelectronic properties [7], we made an attempt to fabricate ZnO:Sr/p-Si
heterojunction by spray pyrolysis and analyzed its structural, morphological and
temperature dependent electrical characteristics.

171.2 Experimental Details

ZnO:Sr(3%)/p-Si heterojunction was fabricated by spray pyrolysis method. The
precursor solution for thin film deposition was obtained by dissolving desired
quantities of zinc acetate and strontium chloride in 25 ml each of double distilled
water and 2-propanol in the presence of few drops of glacial acetic acid. The
resulting solution was stirred for 1 h to get clear solution. Thus obtained precursor
solution was sprayed at a steady flow rate of 3 ml/min on to RCA cleaned p-Si
substrates and quartz substrates maintained at 450 °C. As obtained heterojunctions
were vacuum annealed at 400 °C for 1 h to remove chemisorbed oxygen and hence
to improve conductivity. The contacts were designed by evaporating aluminum on
either side of the devices by using shadow mask. Thickness of ZnO:Sr (3%) films
was determined by spectroscopic Ellipsometer. Structural and surface characteris-
tics were studied by X-ray diffraction and atomic force microscopy (AFM),
respectively. The current voltage (I–V) characteristics of the heterojunctions were
carried out in the temperature range of −30 to +30 °C.

171.3 Results and Discussions

171.3.1 Structural and Surface Characteristics

The X-ray diffraction pattern of spray deposited ZnO:Sr(3%) thin film, shown in
Fig. 171.1a, confirms the polycrystalline nature and preferential c-axis orientation.
The observed peak positions are in accordance with ICDD Card No. 89-1397 of
hexagonal wurtzite ZnO. The prominent peaks in the XRD pattern are at 2h = 31.62°,
34.29°, 36.09°, 47.38° and 62.72° corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), and
(1 0 3) planes of the polycrystalline ZnO. The absence of new peaks reveals the
nonexistence of new phases corresponding to strontium or strontium oxide.

Two-dimensional atomic force microscope (AFM) image shown in Fig. 171.1b
indicates the formation of compact, uniform and crack free films with smooth
surface.
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171.3.2 Ellipsometric Studies

By using spectroscopic ellipsometry, thickness of the thin films were determined by
incidenting linearly polarized light onto thin films in the wavelength range of 200–
1000 nm to extract ellipsometric parameters, azimuthal angle w and phase change D
[7, 8]. These parameters were fitted with Gaussian oscillator model and the simu-
lated spectra results in the thin film thickness of 356 nm.

171.3.3 Electrical Studies

Electrical properties of n-ZnO:Sr(3%)/p-Si heterojunction were studied in the
temperature range of −30 to +30 °C. The I–V–T characteristics of heterojunctions
are as shown in Fig. 171.2. It is observed that, turn-on voltage of the heterojunction
varies inversely with the temperature. Observed turn on voltage of 0.6 V at 30 °C
was increased to 0.9 V when temperature decreased to −30 °C. Also, the reverse
saturation current drastically decreases with the decreasing temperature. These
characteristics are ascribed to thermionic emission [9] in heterojunctions. The
variation of current with temperature as a function of biasing voltage follows
standard diode equation I ¼ I0 exp qV=gkTð Þ � 1½ � [10]. The turn on voltage at room
temperature in these heterojunctions is less compared to reported values for ZnO/Si
heterojunction [6]. This is because of the fact that, Sr doping in ZnO reduces the
band gap. This in turn decreases the built in voltage in heterojunction.

Fig. 171.1 a XRD pattern b The AFM image of ZnO:Sr(3%) thin films
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171.4 Conclusion

The influence of temperature on the electrical properties of spray deposited ZnO:Sr
(3%)/p-Si heterojunction was investigated. The temperature dependent I–V char-
acteristics show rectifying behavior with turn on voltage of 0.6 V at 30 °C and
0.9 V at −30 °C with drastic decrease in reverse saturation current. These attractive
features of the heterojunction can be further investigated for optoelectronic
applications.
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Chapter 172
Optical and Structural Analysis
of Surfactant Assisted Hydrothermal
Growth ZnO Nanostructures

Jitesh Agrawal, Tejendra Dixit, I. A. Palani and Vipul Singh

Abstract Hydrothermally grown ZnO nanostructures have shown high defect level
emission and poor adhesivity with the substrate that was highly undesirable for
optoelectronic device applications. Therefore, in this work, we have targeted these
critical issues by using the surfactant (Na3C6H5O7) in the hydrothermal growth of
ZnO nanostructures. Different morphologies of the nanostructures such as nano-
plates and honey comb structures have been obtained by varying the surfactant
concentration in the precursor solution. This has led to the significant enhancement
in the NBE (near band emission) to DLE (deep level emission) ratio in the pho-
toluminescence analysis. These ZnO nanostructures can be potential candidates for
the fabrication of next generation optoelectronic devices.

172.1 Introduction

Over the past few decades intensive research work has been carried out towards the
development of the ZnO nanostructures based devices employing its remarkable
optoelectronic properties. Moreover significant changes in the sensing response and
the optical and electrical properties have been observed with the change in the
morphology of the ZnO nanostructures. Therefore different kind of nanostructures
were grown using various fabrication techniques i.e. sputtering, thermal evapora-
tion and hydrothermal process etc. In contrast to the other deposition methods,
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hydrothermal technique is simple, low cost and low temperature method that can
produce variety of the nanostructures.

172.2 Aim of the Study

The main aim of this work is to fabricate different types of the nanostructures which
can improve the optoelectronic properties of the ZnO along with the improvement
in the sensing response.

172.3 Method

The different morphologies of ZnO were prepared via hydrothermal method over
pre-cleaned glass samples. Afterwards, glass samples were spin coated with the seed
solution. Then, the precursor solution for the hydrothermal growth has been pre-
pared by mixing equimolar solution of the Zinc nitrate and Hexamethylenetetramine
solution with the in situ addition of various concentration of Na3C6H5O7. After
growth samples were thoroughly washed using DI water.

172.4 Results

Figure 172.1 has shown the FESEM image of the ZnO nanoplates like nanos-
tructure. The growth mechanism of ZnO nanoplates can be explained as follows:
the negatively charged Citrate ions act as a chelating agent and have tendency to
absorb over the positively charged c-plane of ZnO crystal [1, 2]. Therefore, due to
absorption of citrate ions over the polar c-plane, the habitual growth of ZnO along
the c-axis would be restricted. As result, growth starts taking place over nonpolar
face of ZnO to develop nanoplates like nanostructures.

The PL spectra (shown in Fig. 172.2) has shown notable enhancement in the UV
emission and remarkable suppression in the visible emission. The significant
enhancement in the direct recombination rate of excitons and the suppression of
various defect states could be the plausible reasons for the enhancement in the NBE
to DLE ratio. Moreover, as suggested by Z. Fang et al., increasing concentration of
the Zinc interstitial related defect states could also be the possible reason for the
quenching of the defect related emission and enhancement of the near band
emission [3].

1124 J. Agrawal et al.



Acknowledgements J. A. is thankful to UGC, India for providing the fellowship (JRF). J. A.
would further like to acknowledge the Sophisticated Instrument Centre, IIT Indore for providing
PL and FESEM facilities.

Fig. 172.1 FESEM images of ZnO nanoplates

Fig. 172.2 PL spectra of the samples
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Chapter 173
Performance Optimization and Analysis
of ZnO Based Green Light Emitting
Diode

Rashmi Ranjan Kumar, Deepak Punetha
and Saurabh Kumar Pandey

Abstract ZnO based materials system have attracted lots of attention because of
their broad range applications in optoelectronics devices such as Light emitting
diode, photo-detectors, solarcell etc. A design approach for hetero-structure LED
based on Zinc Oxide (ZnO) has been proposed emitting green electroluminescence
in the range of 530–540 nm. Rigorous theoretical investigation has been performed
for the device optimization to improve I-V characteristics, intensity and internal
quantum efficiency. The optimization involves doping concentration, alloy com-
position and thickness calibrations of various constituent layers. Various aspects of
band gap engineering and confinement has been taken into consideration for
developing high quality zinc oxide films for device applications. These results hold
the prospect for the development of green LEDs with superior performance.

173.1 Introduction

LEDs because of their low power consumption, high efficiency and high durable
life with respect to other light sources present today such as incandescent lamp
which consumes lot of power for operation, is revolutionizing the light industry.
The high efficiency of LEDs is the result of its different operating principle where
electrons from conduction band combines radiatively with the holes available in
valence band.

In recent era LEDs based on ZnO are gaining lots of attention because of their
various advantages over the existing made using III-nitride group materials. The
ZnO has direct band gap energy of 3.37 eV at room temperature, a high free exciton
binding energy of 60 meV, low cost and long term stability [1]. Band gap energy of
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ZnO can be tailored by properly alloying it with MgO, CdO or BeO. When Mg or
Be is added to ZnO it increases the overall band gap energy while adding Cd
decreases the band gap energy [2]. Many previous works have described light
emitting diodes made using proper alloying ZnO with Cd to achieve higher effi-
ciency as compared to its counterpart materials [3–5].

Green LEDs are being made using InGaN, but their performance remains
wavelength dependent. Ultra violet and blue LEDs made using InGaN are easily
available, highly efficient but green LEDs performance still remain low for use in
solid state lighting [6]. So there is necessity to develop green LEDs using some
other active materials such as CdZnO which can yield higher efficiency and can
sustain longer life.

173.2 Research Methodology

173.2.1 Device Structure

Figure 173.1 shows the device structure, with the layer characteristics which emits
green electroluminescence. The structure consists of an active layer of
Cd0.25Zn0.75O whose bandgap energy is calculated as 2.2545 eV. Active layer is
sandwiched between two cladding layers. Top cladding consists of p-MgZnO
material which acts as an electron blocking layer. This layer acts as barrier to
prevent electrons to go out from the device active layer, so to increase the hole and
electron recombination in active region. The bottom cladding is made of n-MgZnO
material which acts as hole blocking layer. This layer helps to avoid holes passing
through active layer without radiative recombination, hence increases radiative
recombination.

The active region is undoped while top and bottom layer is positively and
negatively doped. This forms a PIN diode type structure, with light emission
occurring from the central CdZnO intrinsic layer. The top and bottom of active
medium, material is chosen in such a manner that their bandgap energy is greater
than active medium. This will lead to increase in performance of device as radiation
would not be absorbed in corresponding layer, hence absorption losses can be
minimized. Proper p-contacts and n-contacts are placed to apply voltage and current
biases to the device.

n-MgZnO

Silicon Substrate

i-CdZnO

p-MgZnO

Ni/Au

Ti/Ni
Fig. 173.1 Hetero-structure
LED
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173.2.2 Design Study

The present work is simulated using COMSOL Multiphysics software version 5.3.
Here the bandgap of CdZnO material is chosen in such a manner that the spectral
range of emission falls in the green region of visible spectrum. The spontaneous
emission from the device was calculated using the Optical transition feature while
non radiative recombination were calculated using Augur recombination and Trap
assisted recombination phenomenon.

Two case studies have been done for realization of device model. The first study
deals with applying voltage bias (0–3.8 V) to the device. This leads to get the
energy level diagram, carrier concentration distribution and current voltage curve of
the device. The final study is current biased study that sweeps the current from
1 lA to 2 A range. This study uses solution of first study as initial condition in
order to converge. Emission spectrum, emission rate and internal quantum effi-
ciency of device were obtained using this study.

The present study shows the impact of changing the alloy composition, doping
concentration and thickness of cladding layer on device operation. The various
material parameters for the simulation purpose were taken at room temperatures
from different literature [7–9].

173.3 Results and Discussion

The range of various parameters that were changed for optimizing the best possible
outcomes of the device is as summarized in Table 173.1.

The carrier concentration under no biasing condition and biasing condition is as
shown in Fig. 173.2a, b respectively.

When no bias is applied the carrier concentration is very less in active region
while the n-type and p-type region have very high concentration of electrons and
holes. Now when positive bias of 3.8 V is applied then there is sudden increase in
both the electrons and holes concentration in conduction and valence band of active
region layer.

Table 173.1 Simulated parameters used in MgZnO/CdZnO/MgZnO LED structure

Simulation
parameters

n-MgZnO CdZnO p-MgZnO

Doping conc.
(cm−3)

1e16,5e16, 1e17, 5e17, 1e18,
5e18, 1e19

Intrinsic 1e16, 5e16, 1e17, 5e17,
1e18, 5e18, 1e19

Composition
(%)

Mg: 5, 10, 15, 20, 25 Cd: 25 Mg: 5, 10, 15, 20, 25

Thickness (nm) 50, 75, 100, 150 50 50, 75, 100, 150
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The energy band diagram of the device under no bias condition is as shown in
Fig. 173.3a. A potential barrier between left n-doped region and right p-doped
region occurs because of PIN type structure. Further when positive voltage is
applied to p-doped region i.e. the device is forward biased the potential barrier is
reduced as shown in Fig. 173.3b.

Active Layer

The active region composition Cd is varied and its emission spectrum is observed as
shown in Fig. 173.4. Increasing Cd composition in active layer increases its
intensity. There is red shift in the spectrum because high content of Cd decrease the
band gap energy of CdZnO which in turn shifts to higher wavelength. The com-
position of Cd in active medium CdZnO is fixed at 25% for whole simulation so
that its output emission intensity falls in green wavelength region.

Fig. 173.2 Carrier concentration a Zero bias and b With applied bias

Fig. 173.3 Energy level diagram a Zero bias and b With applied bias
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Figure 173.5 shows the emission rate of the device for different applied current
bias. As can be seen from the plot that active region CdZnO has the larger emission
than the cladding layer. This is due to the fact that only active region has the highest
concentration of both holes and electrons which lead to radiative recombination.
Also spontaneous rate of emission increases with increasing applied current bias
due to high carrier injection rate.

The emitted power for different current biasing is shown in Fig. 173.6. As the
current is increased its intensity increases. Even the intensity increases with current
bias but it is not favorable to operate LED at higher current because the internal
quantum efficiency of the devices decreases. This decrease in efficiency with
increased current biasing is called efficiency droop. For nitride based LED various
different mechanisms have been explained for the cause of this phenomenon [10].
The internal quantum efficiency of the device structure for active region thickness
fixed at 50 nm is shown in Fig. 173.7. The efficiency is affected by the recombi-
nation of radiative and non radiative recombination process.

Cladding layer

The next study deals with changing three parameters of cladding layer. This
includes changing doping concentration, alloy composition and layer thickness. The
bandgap of MgZnO cladding layer with respect to change in Mg composition is
calculated using the equation given as:

Eg MgxZn 1�xð ÞO
� � ¼ 1� xð Þ � Eg ZnOð Þþ x � Eg MgOð Þ � bx � 1� xð Þ: ð1Þ

where Eg ZnOð Þ,Eg MgOð Þ and MgxZn 1�xð ÞO
� �

are the energy band gaps of ZnO,
MgO and MgZnO respectively and b refers to bowing parameters [11].

As the composition of magnesium in cladding layer increases from 5 to 25% it
showed higher series resistance as shown in Fig. 173.8a. Hence the threshold
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voltage is decreased for lower composition of magnesium. This also leads to
decrease in electroluminescence intensity with increase Mg composition shown in
Fig. 173.8b. The doping concentration is fixed at 1016 cm−3 while changing the
alloy composition.

Next the doping concentration of both cladding layer are varied keeping the
cladding thickness fixed at 150 nm and 5% Mg composition. The I-V characteristics
and intensity of the device with respect to various doping concentration is as shown
in Fig. 173.9a, b. With increase in doping concentration the value of current
increases for a fixed voltage.
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Figure 173.10a shows the spontaneous emission rate for different cladding
thickness. The thickness of both the cladding layer is varied from 50 to 200 nm
keeping doping concentration fixed at 1016 cm−3 and 5% Mg composition. The
electroluminescence intensity as a function of different cladding thickness is shown
in Fig. 173.10b. With decrease in thickness the intensity shows six fold increments.
As the thickness increases the fermi level shifts downward in acceptor energy state
because of native point defects [12]. Hence radiative recombination rate decreases
with increase in thickness due to lowering of conduction band energy.
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173.4 Conclusion

The present study shows the several key aspects of designing ZnO based green
LEDs. Cd0.25Zn0.75O is used as an active material emitting emission in the range of
530–540 nm which falls in the green region of visible spectrum. Cladding region
thickness, doping concentration and alloy composition were varied to get the
detailed study of I-V characteristics, spontaneous emission rate and intensity of the
device. For low composition of Mg (0.05) in cladding layer the structure shows
better threshold voltage of operation with increase intensity. The result also
describes ZnO as a very prominent material for making various optoelectronics
devices.
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Chapter 174
Polarization Controlled High Efficiency
Color Filters Using Si Nanoantennas

Vishal Vashistha, Indu Kumari, A. E. Serebryannikov
and Maciej Krwaczyk

Abstract Metasurface is a new concept to manipulate the amplitude and phase of
the incoming wave locally from the surface. Metasurface is composed of 2D ele-
ments so called nanoantennas, which show practical solution for manipulation of
light unlike 3D metamaterials devices which are difficult to fabricate at nano scale
level. Many of the devices are already designed using the concept of metasurfaces
which include meta-lens, vortex plates, holography, and color filters. Color filters
designed using metasurfaces attract attention of researchers because of their sig-
nificant advantages over pigment based printing technology such as high contrast,
low power, and ultra-high resolution. Recently, a new trend is emerging to use all
dielectric based metasurface filters, which are much more efficient compare to
plasmonics color filters. These filters can be easily integrated with existing elec-
tronic circuitry, since these filters are designed using Si material. In this work, we
propose polarization dependent widely tunable all dielectric color filters, whose
basic constitute element is Si based cross shaped nanoantennas. These filters are
designed using cross shaped nanoantennas with different arm lengths. Each arm of
nanoantenna responds for different state of polarization of incoming light, which
results in different color spectra. We illustrate a wide tunability of these filters in
visible spectrum with numerical simulation.

174.1 Introduction

The new era of designing of color filters by using the concept of light matter
inter-action allow to engineer the colors filters that have several important advan-
tages over pigment based printing technology [1]. These advantages include
ultra-small size, low power consumption, and high resolution wide colors gamut
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even below the diffraction limit [2]. The first ideas about interaction of light with a
nanostructure have been developed in the ancient time. In particular, the Roman
Lycurgus Cup should be mentioned [3]. In fact, the simple examples of light-matter
interaction can be seen in nature such as color of sky, wings of butterfly, beetles,
and the feathers of peacocks [4].

All dielectric metasurfaces based devices are considered to be a promising
solution that has significant advantages over metallic nanostructures such as high
quality resonance and low intrinsic ohmic losses [5, 6]. The advantages of Si disks
include high refractive index and ease of integration within the well-established
CMOS technology. The high refractive index of Si allows one to manipulate by
magnetic and electric components of light simultaneously, while in case of metal
nanoantennas absorption losses are very high at the visible spectrum, whereas
interaction with magnetic component of light is poor. We numerically demonstrate
that the suggested color filter can operate in transmission and reflection modes. The
non-symmetric cross-shaped nano-antennas are designed so that the ability of
operation at different states of linearly polarized incident wave remains.

174.2 Result and Discussion

We have first simulated a single rectangular Si nanoantenna. Its width, length and
height were chosen as 40, 80 and 200 nm respectively. The nano antenna is
assumed to be excited by a horizontally polarized wave in the visible range. It is
well known that the spectral location of resonance is a function of nanoantenna
length. Thus, we have scaled it by varying the length from 80 to 160 nm. One can
see in Fig. 174.1 which shift is achievable.

Based on the observation from Fig. 174.1, we have used two rectangular rod
nanoantennas and combined them into a nonsymmetric cross. These two rods have
different length, so that operation of each nanoantenna is polarization sensitive. The

Fig. 174.1 Shift of transmittance dip of Si nanoantenna when its length is gradually varied from
80 to 160 nm
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general geometry of the designed metasurface is shown in Fig. 174.2. The Si
nanoantennas are placed on top of the quartz substrate. The structure has been
excited by using the horizontally and the vertically polarized incident wave, see
Fig. 174.2a, inset. The lengths of the longer and shorter segments of each non-
symmetric nanoantenna are 150 and 90 nm, respectively, while the width and
height are 40 and 200 nm. The lattice constant of the structure is 250 nm. Response
at each of two orthogonal polarization states is mainly determined by the length of
either longer or shorter segments. For arbitrary polarized light, the combined
response of arbitrary states of polarization is given by the equation:

T /; kð Þ ¼ TvðkÞ sin2 /þThðkÞ cos2 / ð174:1Þ

dimensions are given in Table 174.1. For each case, the color changes are observed
when polarization is gradually varied from where is polarization angle and is the
wave-length in free space. Tv(k) and Th(k) mean the transmission for vertically
polarized light and horizontally polarized light, respectively T(/, k) is the total
transmission due to all polarization components. In order to check the combined
response of the device to arbitrary polarization, we have changed the angle of
polarization by 10. It has been found that the transmission dip is shifted from the
lower to the higher visible spectrum, see Fig. 174.3.

Each spectral component is associated with a certain color in transmission mode,
as well as in reflection mode. The obtained spectra are converted to the colors by
using standard chromaticity matching functions. We observed different colors in

Fig. 174.2 a Metasurface composed of nonsymmetric Si nanoantennas, which are placed on top
of quartz substrate; inset schematically shows propagation in case of perpendicular and parallel
polarization of the incident wave. b A schematic representation of the colors filters operating in
transmission and reflection mode
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reflection mode when polarization angle is changed from 0 to 90. The color changes
from blue to green when the incident light is horizontally polarized. Similar changes
are observed in the case, when the incident light is vertically polarized. Two cases
with different nanoantenna sizes have been considered. The horizontal (U = 0) to
vertical one (U = 90). The results are plotted on the standard CIE 1931 chro-
maticity diagram, see Fig. 174.4a.

In fact, location of the dip in transmission is an almost linear function of
nanoantenna length. By scaling nanoantennas, the transmission dip can be shifted
within a wide range of the visible spectrum. So, we can achieve wide range of
colors by simply adjusting the lengths of the vertical and horizontal nanoantenna
segments. Since white light contains all the colors, a specific portion of the incident
wave is reflected from the metasurface, while the remaining one is transmitted
through the quartz substrate, as shown in Fig. 174.2b. The dielectric nanoantennas
have very low losses that enables creation of different colors in the transmission
mode. We have converted the transmitted spectra into the colors by using the
standard chromaticity matching functions. The results are presented in Fig. 174.4b
to illustrate possible changes in color that originate from the changes in
polarization.

Table 174.1 Dimensions of the studied nanoantennas

Lv Lh Wy Wh h

Case 1 80 180 40 40 200

Case 2 120 200 40 40 200

Fig. 174.3 Shift in transmittance spectra when polarization of incoming wave changes from 0 to
90

1140 V. Vashistha et al.



174.3 Conclusion

To summarize, we have studied all dielectric meta-surfaces based on
non-symmetric cross-shaped Si nano-antennas that are designed for simultaneous
operation in transmission and reflection modes. Since these structures show low
losses as compared to the metal plasmonic structures, they may enable high quality
of colors. The efficient tuning can be achieved by changing polarization of the
incident wave. This enables the tuning of colors based on source polarization and

Fig. 174.4 Changes in color, a for reflection mode (i) from blue to green for case 1 (ii) green to
yellow for case 2 b for transmission mode (iii) from yellow to red for case 1 (iv) red to blue for
case 2, when the polarization of incident white light is changed from horizontal to vertical with the
step of 10°
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results into tunable color filters. The proposed colors filters can be used as ultra-thin
display, security tag applications purpose.
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Chapter 175
Study and Preparation of High
Reflection Optical Coatings

Renuka Saxena, Leela Dhar, D. K. Mohanty, Renu Sharma
and Kapil Kumar Jain

Abstract In this paper, study has been made for development of high reflec-
tive optical coating. Multilayer dielectric system with high reflective indices
(TiO2 n = 2.45), and low reflective indices (SiO2 n = 1.4) is used to achieve the
high value of reflectivity in visible range. In house developed MATLAB computer
program is used to design and simulate the optical coatings. The results shows that
the width of high reflectance region decreases, and reflectance increases with the
number of layers in the stack. To compare with the theory, preparation of high
reflectance coating has also been carried out using e-beam evaporation system.
Optical properties of the prepared film studied through optical reflection
measurement.

175.1 Introduction

Multilayer optical thin films coating have been extensively used for reflectivity
modulation in various optical and optoelectronic components. These include High
reflection coating that reflect the maximum light, and Anti reflection coating that
minimize the reflection. Thin film optical coatings are widely used for Deformable
mirrors, laser diode facet, lenses of telescope, filters, beam splitters, Fabry-Perot
Interferometer, and for projectors etc. [1].

The most common design used to enhance the reflectance of light is from the
multilayer quarter wave stack i.e. the alternate layer of high reflective indices (n1)
and low reflective indices (n2) arranged with an equal optical thickness, so as to
achieve constructive interference of reflected light. This study reports the design
and simulation of high reflective coating using multilayer dielectric coatings, as
well as results of some of experimental studies.
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175.2 Theoretical Basis

The optical matrix approach has been employed to design the high reflection
coating using multilayer dielectric materials with different refractive indices [2–4].
By using characteristic matrix approach reflectance profile for multilayer structure
can be determined. The incident light comprised of electric and magnetic compo-
nents. As the tangential component of E and H are continuous across the interface
of the dielectric material, the 2 � 2 matrix can be used to express the relationship
with the tangential component of the E and H just before the first interface and
tangential component of E and H just after the last interface. Assuming that both the
medium are non-magnetic, and using the single interface between the medium with
refractive index n0 and n1, relationship can be obtained between the electric field
components just before the next interface as

e1 f
e1 b

� �
¼ /A01

e0 f
e0 b

� �
ð175:1Þ

where f and b stand for forward and backward propagating wave in the two
medium, whereas A01 is the characteristic matrix and, ɸ1 accounts for phase change
due to the medium of thickness of d1, and refractive index n1.

A01 ¼ 1
2n1

n1 þ n0 n1 � n0
n1 � n0 n1 þ n0

� �
and /1 ¼ eik1d1 0

0 e�ik1d1

� �
ð175:2Þ

In case of multilayer, consisting of N periods of two quarter-wavelength layers
with alternating index n1 and n2, between layers with index n0 and n3, the relation
(175.1) can be extended to—

ef
eb

� �
¼ A23A12 A21U2A12U1½ �NA01

e0;f
e0;b

� �
ð175:3Þ

The total reflection of the structure can be obtained by requiring Eb to be zero, so
that

R ¼
1� n3

n0
n1
n2

� �2N

1þ n3
n0

n1
n2

� �2N

2
64

3
75
2

ð175:4Þ

175.2.1 Simulation Studies

In order to study and calculate the reflectance for a multilayer dielectric layer
deposited on substrate (silicon and silicon nitride) within visible range, in house
computer program using MATLAB has been developed. The values of reflectance
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for different number of stacks with silicon and silicon nitride as substrate material
for normal incident light, is shown in Table 175.1. Whereas Figs. 175.1 and 175.2
shows the reflectance curve for the same.

175.2.2 Experimental Studies

Experimental studies are also carried out to develop the high reflective coating film
using silicon as the substrate material. The layers of optical coating of dielectric
materials are formed by using e-beam evaporation system. The thickness of SiO2

and TiO2 are set at 948 and 625 Å respectively. The spectral reflectance of the
dielectric optical film has been measured in the visible range using UV-Visible
Near IR spectrometer. Figures 175.3 and 175.4 shows the reflectance vs wave-
length for the 3-stack and 5 stack dielectric layers.

The reflectance in case of 3-stack dielectric layers increases from 450 nm and
reaches maximum value of about 90.0% at design wavelength 550 nm, and

Table 175.1 Reflectance for different stack for silicon and silicon nitride substrate

S.No Dielectric layers Reflectance % (silicon substrate) Reflectance %
silicon nitride substrate

1 (TiO2/SiO2)
3/Air 80.0 85.24

2 (TiO2/SiO2)
5/Air 94.49 98.10

3 (TiO2/SiO2)
7/Air 99.51 99.75

Fig. 175.1 Simulated reflectance for Si/Sio2/Tio2/Air
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decreases to minimum value at 770 nm, whereas in case of 5-stack dielectric layers
reflectance reaches to maximum value of about 95%, but the width of high
reflective zone decreases compared to 3-stack dielectric layer.

Fig. 175.2 Simulated reflectance for Si3N4/Sio2/Tio2/Air

Fig. 175.3 Variation of reflectivity with wavelength-for 3 stack (Si/(SiO2/TiO2)
5/Air
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175.3 Conclusion

The design, simulation and preparation of high reflective optical coating using
dielectric materials has been studied. Experimental and theoretical curves of coating
shows good agreement. The difference between experimental and theoretical curves
are believed to be caused due to thickness variation of deposited thin film, and due
to scattering.
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Chapter 176
Electronic Structure Properties of ATe
and A2Te (A: Cu, Ag and Cd)

T. Premkumar, J. Mani, G. Anbalagan and R. Vidya

Abstract Efficient renewable energy generation and storage are very essential for
sustainable growth on the world. New methods and materials have to be developed
to convert the renewable energy into other forms of energy. This is achieved by
exploring the properties of materials, which can be used in the process of energy
conversion. Energy generation from waste heat using functional materials known as
thermoelectric materials is receiving wide attention recently. In order to understand
the properties of thermoelectric materials, we explored the electronic structure
properties of ATe and A2Te (A: Cu, Ag and Cd). Among them AgTe and CdTe are
exhibiting suitable electronic properties, making them as potential thermoelectric
materials.

176.1 Introduction

Chalcogenides like Cadmium Telluride have been studied for many decades for
solar cell applications. Recently related phases like AgTe and CuTe are attracting
wide attention for many interesting applications such as thermo-electronics and
sensors. Especially Ag2Te being a narrow band gap semiconductor is recently
researched a lot owing to its wide applications on electronic, optical, magnetic and
thermoelectric devices [1, 2]. The main material properties that determine ther-
moelectric applications are (i) low thermal conductivity (ii) high electron mobility
(iii) tunable carrier concentration by doping and (iv) reversible structural transition.

In order to understand the fundamental properties of Ag2Te and its closely
related compounds, we have performed accurate first principle calculations based
on Density Functional Theory (DFT) for ATe and A2Te (A: Cu, Ag and Cd) and
explored their electronic structure properties.
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176.2 Computational Details

We have used projected augmented plane wave (PAW) method as implemented in
VASP (Vienna Ab initio Simulation Package) [3]. The generalized gradient
approximation (GGA) [4] was used for the exchange-correlation functional.
A Monkhorst-Pack [5] k point grid was used for all our calculation. We have
performed complete structural optimization by minimizing force as well as stress.
The optimized structural parameters are found to be in good agreement with
experimental values. We have analyzed electronic structure by calculating band
features, site and orbital projected Density of States (DOS). In order to reproduce
the experimental results, calculations with advanced exchange correlation func-
tional are being carried out.

176.3 Result and Discussion

176.3.1 Electronic Structure Properties

Electronic band structure and DOS provides the fundamental electronic properties
of a material. Here we have plotted the band structure of the above mentioned
materials, and discussed the salient features of these compounds.

(i) CuTe and Cu2Te

CuTe and Cu2Te are conductors and used as a back contact material for CdTe solar
cell [6] and Cu2Te is used as a photodetectors and in photovoltaic applications [7].
CuTe has a simple orthorhombic structure described by space group Pmmn (No: 59)
and Cu2Te has a hexagonal Structure described by Space group P6/mmm (No: 191)
were taken from the experimental results [8, 9] and optimized with force as well as
stress minimization. The optimized structural parameters were used to calculate the
band structure and DOS. The band structure plots of CuTe (Fig. 176.1a) and Cu2Te
(Fig. 176.1b) shows, the valence band maximum and the conduction band minimum
are overlapping, and they behave like conductors.

In order to understand the nature of the overlap, we have plotted the partial as well
as orbital projected DOS for CuTe and Cu2Te. Figure 176.2 shows the total and
partial DOS of CuTe (Fig. 176.2a) and Cu2Te (Fig. 176.2b). The total DOS of CuTe
spread over −10 to 10 eV energy range. The conduction band minimum having
dispersed band nature, DOS also reflects the same, which leads to good conductivity.
There is a peak occurs at −3 eV resulting due to the hybridization of Cu 3d and Te
5p orbitals. Band structure also shows some flat bands occurs in the same energy
range, which is significance to the peak occurs in the DOS. In order to understand the
hybridization of Cu 3d and Te 5p orbitals, we have plotted the orbital projected DOS
for Cu 3d (Fig. 176.3a) and Te 5p (Fig. 176.3b). We can see that Cu 3dxy; 3dz2 and
Te 5py are having more occupancy compared to the other orbitals.
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So there is a possibility of hybridization between Cu 3dxy and Te 5py orbitals and
also Cu 3dz2and Te 5pz orbitals. The states that crosses the fermi level are arising
from px and py orbitals of Te.

The total and partial DOS of Cu2Te (Fig. 176.2b) is spread over −10 eV to
10 eV energy range. The dispersed nature of conduction band minimum is explored
by band structure as well as in the DOS proves good conductivity of the material. In
the DOS, there is a peak occurs at −4.5, −3.5 and −2 eV resulting due to the
hybridization of Cu 3d and Te 5p orbitals. To understand the nature of hybridization
of orbitals, we have plotted the orbital projected DOS for Cu 3d (Fig. 176.4a) and
Te 5p (Fig. 176.4b) orbitals. Cu 3dx2�y2 ; 3dz2 , and Te 5py orbitals having more
occupancies compared to the other orbitals. So there might be possibility of

Fig. 176.1 Calculated electronic band structure of (a) CuTe and (b) Cu2Te

Fig. 176.2 Calculated DOS and PDOS for (a) CuTe and (b) Cu2Te
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hybridization between Cu 3dx2�y2 and Te 5py and also Cu 3dz2 and Te 5py orbitals.
The states that crosses the fermi level are arising from px and py orbitals of Te.

(ii) AgTe

AgTe has a simple orthorhombic structure which can be described by space group
Pmnb (No. 62). The initial parameters for structural optimization calculations were
taken from the experimental values [10]. Using the optimized structural parameters
after the force and stress minimization, we have plotted the band structure of AgTe
(Fig. 176.5). From the band structure, it can be seen that a small band gap 0.3 eV
exists between valence band maximum (VBM) and conduction band minimum

Fig. 176.3 Calculated orbital-projected DOS of (a) Cu d-orbitals and (b) Te p-orbitals in CuTe

Fig. 176.4 Calculated orbital-projected DOS of (a) Cu d-orbitals and (b) Te p-orbitals in Cu2Te
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Fig. 176.5 Calculated electronic band structure of AgTe using GGA

(CBM). The top of VBM occurs between G and T and bottom of CBM occurs at Y,
indicating that AgTe is an indirect band gap semiconductor. The valence band is
less dispersed compare than the conduction band. So AgTe becomes n-type
semiconductor if it is doped with n-type material.

(iii) Ag2Te

Ag2Te has a simple monoclinic structure which can be described by space group
P21/c (No. 14). The initial parameters for structural optimization calculations were
taken from the experimental values [11]. Using the optimized structural parameters
after the force and stress minimization, we have plotted the band structure of Ag2Te
(Fig. 176.6).

Experimentally Ag2Te shows a band gap of 1.72 eV [12]. However no band gap
was obtained from our calculation, which is because of the inherent deficiency of
DFT. We are pursuing calculations with higher advanced functionals that can
reproduce the experimental results. The band structure of Ag2Te also shows dis-
persed bands in valence band region as well as in conduction band region, indi-
cating that the charge carrier conductivity will be higher if it is doped appropriately.

(iv) CdTe

CdTe is a well-known solar cell material with face centered cubic structure
described by space group F-43 m (No. 216). The initial structural parameters were
taken from experimental results [13] and optimized with force and stress mini-
mization. The optimized structural parameters were used to plot the band structure.
Our band structure (Fig. 176.7) shows direct band gap of 0.7 eV at the gamma point
and contains more no of dispersed bands in the bottom of the conduction band. Top
of the valence band also contains some dispersed bands as well as the flat bands.
The thermal conductivity of CdTe is lesser than the electrical conductivity because
of this band nature. Hence CdTe may be have good thermoelectric properties.
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176.4 Conclusion

The materials CuTe and Cu2Te are having dispersed bands in their conduction band
minimum. So, they are good conductors and may be used as back contact materials
for solar calls, photo detectors and photo voltaic applications. CdTe shows the

Fig. 176.6 Calculated electronic band structure of Ag2Te using GGA

Fig. 176.7 Calculated electronic band structure of CdTe using GGA
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direct band gap of 0.7 eV and dispersed band in the conduction band minimum
leads to good electrical conductivity and because of some flat bands on the valence
band maximum, the thermal conductivity is less than the electrical conductivity,
which is very essential for thermoelectric applications. AgTe is having the more
number of flat bands in the valence band compared than the valence band of Ag2Te.
So, AgTe having good electrical conductivity rather than the thermal conductivity.
CdTe and AgTe are preferable materials to be used in the thermoelectric applica-
tions. Calculations with more advanced exchange correlation functional are being
done and their thermoelectric properties are explored.
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Chapter 177
Noise Estimation of Heterostructure
GaAs/GaP Over Homostructure GaAs
and GaP Based IMPATT Devices
at 94.0 GHz Frequency

P. R. Tripathy, S. K. Choudhury and S. P. Pati

Abstract The potential of heterostructure based impact avalanche transit time
(IMPATT) devices have been studied and compared with homostructure diode. We
have studied the simulation results of DC, SS and avalanche noise estimation of
new types of materials combination GaAs/GaP heterostructure and the results are
compared with the homostructure GaAs and GaP materials. The diodes are design
to operate at the millimeter-wave frequencies of 94 GHz. A drift-diffusion model is
used to design double drift region (DDR) IMPATTs based on these materials. The
simulation results of these diodes shows that GaP based IMPATT diode gives better
performance in terms of RF Power as compared to other diodes. It is interesting to
observe that the mean square noise voltage for GaAs/GaP is very less as compared
to GaAs and GaP.

177.1 Introduction

Today due to the advanced technology in the field of electronics materials and
devices, it helps to realize efficient communication systems involving wide range
from microwave to millimeter-wave frequencies. These new technology helped to
fabricate new devices that include IMPATT (impact avalanche transit time) diode,
which generate stable, economical and reliable RF power at mm-wave frequen-
cies. The frequency in the range of microwave (3–30 GHz) and millimeter-wave
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(30–300 GHz) has some advantages like broader bandwidth, increased resolution
and low supply voltage. IMPATT diodes are the most suitable device useful for
solid state receivers, transmitter, oscillator for microwave radar receivers, sensor
systems etc. [1]. IMPATT diodes are suitable because it can be fabricated from
any types of semiconductor materials or structures.

To meet the rising demand of high-power, high frequency solid state sources,
extensive research are being carried out for development of high-power with less
noise IMPATT devices in millimeter wave regime. Immaterial of the RF perfor-
mance of the carrier injection process, dielectric constant, carrier drift velocities and
the maximum electric field of the semiconductor material system are responsible for
the performance limits of the IMPATT diode at mm-wave frequencies. The potential
of a new lattice matched material combination, GaAs/GaP, is explored using a
computer simulation method for application as an IMPATT diode at MM-wave
frequencies. The semiconductor materials with closely matched lattice constant with
different band gap are suitable for heterostructure devices [2]. Due to good lattice
lattice match, GaAs/GaP heterostructure have been found as novel combination for
photonic and electronics devices [3]. In this paper, the authors have tried to explore
the potential of a heterostructure GaAs/GaP based IMPATT diode through an
advanced computer simulation methods. The computer simulation program takes
fully into account all the physical effects applicable to the IMPATT operation and is
utilized to compute efficiently the DC, small signal analysis and noise properties of
GaAs/GaP heterostructure IMPATT diode designed to operate at 94.0 GHz fre-
quency and the results are compared with homostructure GaAs and GaP based
impatt diodes.

177.2 Computer Simulation Methods

The simulation method involves simultaneous solution of the nonlinear Poission’s
and carrier continuity equations at each point in the depletion layers, subject to
appropriate boundary conditions, as described elsewhere [4]. The material param-
eters like ionization rates of electrons and holes, mobility, drift velocity and per-
mittivity are taken from recent experimental reports. The different value of carrier
ionization rate between GaAs and GaP further widens, if GaP is placed in high field
zone close to junction and GaAs is away from the junction. Taking into account the
suitability of all these materials, we have designed the double drift (DD) diodes and
optimized the structure for the comparative study to explore the potential of
heterostructure based diode.

The authors have studied this new aspect in GaAs/GaP hetero Structure impatt
diode through using a sophisticated three-tier computer algorithm framed for the
purpose of dc, small signal and noise analyses. The simulation takes into account
the contribution of each space point to determine DC electric field profiles,
breakdown voltage, efficiency, carrier current profiles etc. for the proposed diodes.
The result of the DC analysis is taken as input for the small-signal analysis. The

1160 P. R. Tripathy et al.



small-signal analysis of the IMPATT diode provides negative conductance, nega-
tive resistance, and susceptance of the diode. From these we can find out the RF
power of the diode. The noise performance like mean square noise voltage per band
width, noise measure of the proposed diodes are computed by using a generalized
noise simulation program developed by the authors. During the process of simu-
lation the authors have been incorporated the recent experimental materials
parameter like ionization coefficient, saturated velocity, mobility and permittivity of
the materials. This simulation program takes into account the non-linear model by
containing the differential equations for current density, carrier concentrations,
un-equal values of ionization rates, mobile space charge effects. The details of
mathematical calculations based on modified boundary conditions due to
enhancement of leakage current.

177.3 Result and Discussion

The various properties of the diodes like DC, SS and avalanche noise are shown in
Table 177.1. From the table, it shows that the peak electric field for GaP is found to
be more of about 5.61 � 107 V/m as compared to GaAs (4.78 � 107 V/m) and
GaAs/GaP (5.56 � 107 V/m). The breakdown voltage (VB) for GaP is higher about
39.24 V as compared to other diode but the efficiency of GaAs is higher of about
13.2% than GaP (11.7%) and GaAs/GaP (10.6%) based diodes. At operating fre-
quency 94.0 GHz the value of peak negative conductance (−G) for hetero-structure
GaAs/GaP based double drift region IMPATT diode is higher about 2.37 � 107 S/
m2 as compared to GaAs (1.95 � 107 S/m2) and GaP (1.45 � 107 S/m2) shown in
Fig. 177.1. It is noticed that the negative resistance of GaP IMPATT is more
negative than that of GaAs and GaAs/GaP diode. It is shown in the Table 177.1 that
that the RF power for GaP based IMPATT diode is high about 2.79 W due to high
breakdown voltage. Now, the authors have studied the noise behavior of GaAs and

Table 177.1 DC, SS and noise properties of various diodes at 96.0 GHz frequency

Diode parameters GaAs GaP GaAs/GaP

Peak electric field, Em (107 V/m) 4.78 5.61 5.56

Break down voltage, VB (V) 30.12 39.24 25.75

Efficiency (η), (%) 13.2 11.7 10.6

XA/W (%) 41.35 41.52 41.12

Peak operating frequency, fp (GHz) 96.0 97.0 100.0

Negative Conductance, −G (�107 S/m2) 1.95 1.45 2.37

Negative resistance at peak (−ZRP) (�10−9 X m2) 8.5 14.0 7.83

RF Power, PRF (Watt) 2.21 2.79 1.97

Mean square noise voltage <V2/df> (�10−16 V2 s) 15.1 5.54 1.963

Noise measure (dB) 27.34 26.26 13.8
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GaP based homostructure diode with GaAs/GaP heterostructure based diode. From
the Fig. 177.2, it is seen that the peak mean square noise voltage per band width is
almost of the same order of magnitude for all the diodes. However, the mean square
noise voltage per bandwidth is higher for GaAs based diode of about
15.1 � 10−16 V2/s followed by 5.54 � 10−16 V2/s and 1.963 � 10−16 V2/s for
GaP and GaAs/GaP based impatt diode respectively. From the Table 177.1, it is
shown that the noise measure for GaAs/GaP is low of about 13.8 dB as compared
to GaAs and GaP based IMPATT diode.
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177.4 Conclusion

It concludes that the RF power for GaP based IMPATT diode is more as compared
to GaAs and GaAs/GaP based diode. But the noise level in case of heterostructure
GaAs/GaP is lower than GaAs and GaP homo-structure based diode. These results
will be very useful for low noise IMPATT devices useful for communication.
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Chapter 178
Study of Interface Trap Charges in InAs
Nanowire Tunnel FET

Sankalp K. Singh, Ankur Gupta, Venkateshan Nagarajan,
Deepak Anandan, Ramesh K. Kakkerla, Hung W. Yu and Edward
Y. Chang

Abstract The effect of Interface traps is investigated on the Homojunction
Indium-Arsenide (InAs) gate all around nanowire tunneling FET (HJ-GAA-TFET).
Device Ion/Ioff ratio was chosen as key Figure-of-Merit (FoM) in this investigation.
Interface traps impact the flat-band voltage of the device, causing degradation in the
device performance. It is observed that as the trap density increases, Ioff degrades
significantly by *3 orders in magnitude.

178.1 Introduction

With the scaling of MOS devices, achieving higher performance at lower supply
voltage becomes challenging [1]. Short channel effects (SCE) and gate leakage
becomes much more dominant. This is mainly due to poor electrostatic gate control
[2]. For better gate controllability multi gates have shown better results [3].
Researchers are now exploring different device structures like nanowires which are
considered as an alternative for CMOS technology [4]. Nanowire FET offers
excellent gate control as well as lower leakage current [4]. Silicon nanowires have
been grown successfully by various groups and have been reported [5–7]. Recently,
Indium-Arsenide (InAs) based nanowires were synthesized using catalyst and
devices were fabricated [8]. Due to the high mobility, low band-gap InAs is con-
sidered as the best potential candidate for high frequency applications [9]. Good
ballistic transports in InAs have also been reported [10].
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In this work, effect of interface traps between channel and high-k material on the
nanowire structure is studied. On/off ratio of transistor is considered as a key device
performance parameter due to above mentioned reasons. Low off current is required
for less leakage and low static power consumption and at same time obtaining
higher on-current improves the device transient performance by reducing switching
delay.

178.2 Device Structure and Simulation

In this work, a cylindrical nanowire structure with source and drain length of 50 nm
each was considered. Device has HfO2 as gate dielectric with gate oxide thickness
of 2 nm. This nanowire transistor is a homogeneous structure with Indium Arsenide
(InAs) as the base material as shown in Fig. 178.1a. The dielectric constant of InAs
is taken as 14.55 at 300 K and the band-gap of InAs was taken as 0.558 eV [4].
Tunneling parameters, APath and BPath values were chosen as 3 � 1019 and
2.6 � 106 respectively. Electron and Hole density-of-states (DOS) was taken as
8.72 � 1016 and 6.66 � 1018. These values are obtained by calibrating the desired
structure with the reference structure [4] as shown in Fig. 178.1b. Device diameter
for simulation was fixed at 30 nm.

The device simulation was carried out by Synopsys’s Sentaurus TCAD (release
K2015.06) [11]. Lombardi mobility model was used to consider field and doping
dependent mobility degradation. Bandgap narrowing effects were included because
InAs region used in the device was heavily doped. Fermi-Dirac statistics and
Shockley-Read-Hall carrier recombination were also considered. Dynamic
non-local band-to-band tunneling (BTBT) was also included in the simulation.
WKB approximation was used in order to calculate the tunneling rate in the
simulation.

Fig. 178.1 a InAs nanowire TFET structure. b Comparison of reference [4] and simulated Id–Vg

of nanowire TFET
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178.3 Results and Discussion

178.3.1 Effect of Interface Traps

Trap density in modern devices is minimized by using advanced methods to grow
the insulators, but a small number of interface traps can cause a cumulative effect on
carrier trapping. Trapping of the charge carriers eventually degrades various device
performance parameters such as threshold voltage, inversion layer mobility because
of coulomb scattering, degraded noise performance and higher gate leakage cur-
rents. Charge trapping in the insulator material together with interface traps can
cause serious device reliability issues such as hot carrier degradation or oxide
breakdown. In this section, impact of Interface trap charge density of homogenous
InAs nanowire is examined at 300 K. Interface traps between InAs channel and
gate oxide were added to analyze their impact on device performance. The interface
charge states were kept at 0.78 eV above the valence band maximum of InAs [12].

From Fig. 178.2a, it is seen that the electric field at the source-channel junction
increases when the trap charge density increases. Flat-band voltage of a device is
given by:

DVfb ¼ qNf

Cox

where, q is the charge, Nf is the interface trap charge density and Cox is the
gate-oxide capacitance. Increase in the electric field is because of the increase in
effective gate bias (Veff = Vgs − Vfb) caused due to decrease in the device flat-band
voltage. Higher electric field at the tunneling junctions causes a steeper
band-bending which in turn increases the carrier tunneling rate.

Fig. 178.2 a Electric field profile along channel. b Impact of traps on transfer characteristics
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Figure 178.2b shows the impact of Interface trap charges on the transfer char-
acteristics of the InAs nanowire. The results show that the increase in trap charge
density degrades the off-current significantly. When the trap charge density is
increased to 3 � 1012 cm−2, Ioff degrades from 10−14 to 10−11 A. Though the
presence of interface trap charges increase the on-current slightly, as it has small
impact above sub-threshold region. But as a combined effect, ratio of Ion/Ioff
degrades; this decrease in on/off ratio is mainly due to degradation in device
off-current. Presence of interface-traps also degrades the Subthreshold Swing
(SS) and the threshold-voltage (Vth) of the device [13, 14]. Reduction in Vth is
primarily due to larger band-bending caused by trap charges as explained earlier.
Subthreshold slope obtained for ideal case with no interface-traps is 17 mV/decade.
It degrades to 22 mV/decade, 34 mV/decade and finally to 59 mV/decade for a trap
density of 1 � 1012, 2 � 1012 and 3 � 1012 respectively.

178.3.2 Effect of Interface Charges on Capacitance

Small-signal ac simulations were carried out to investigate the intrinsic capacitances
of the device. A constant frequency of 1 GHz was used in the simulations and the
gate bias voltage was swept from 0 to 1 V. Impact of interface-trap charges on Cgg,
Cgd, and Cgs with respect to Vg was analyzed and the results are shown in
Fig. 178.3a, b. At low gate voltages, inversion layer starts to form at drain side. As
the gate-bias is increased, this inversion layer extends towards source. Before
inversion layer formation, Cgs is primarily due to the parasitic overlap and fringe
capacitance. Cgs tends to decrease and Cgd tends to increase as the coupling
between the gate and source reduces at higher voltage. At high gate voltage, Cgd

dominates the total gate capacitance. From Fig. 178.3a, b, it can be seen that the
values of Cgd and Cgg are almost same. This is due to the small value of Cgs.

Fig. 178.3 Impact of traps charges on a Cgs, Cgd b Cgg versus gate voltage
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It is also shown that, as the interface-traps were included in the gate region, there
was a net increase in the device junction capacitances when device is operating in
the strong inversion region. Interface-traps acts as additional charged sites separated
by the gate insulator, hence contributing to the additional capacitance. Since, the
total junction capacitance of the device is directly proportional to the interface
charge density, there is a monotonous increase in the Cgd (and hence Cgg) as shown
in Fig. 178.3a, b.

178.4 Conclusion

This simulation study shows the effect of trap charges on InAs Nanowire TFET
performance. Presence of traps increases the electric-field which results in the
increase of BTBT rate. However, interface defect generation leads to gate leakage
and thus degrades the overall device performance.
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Chapter 179
Origin of Room Temperature
Ferromagnetism in ZnO:Ag

Nasir Ali, Budhi Singh, Zaheer Ahmed Khan and Subhasis Ghosh

Abstract We report the room temperature ferromagnetism in Ag doped ZnO films
grown by RF magnetron sputtering. X-ray diffraction of undoped and 2% Ag doped
ZnO show the hexagonal wurtzite structure corresponding to c-axis (002) orienta-
tion. The presence of defects within Ag-doped ZnO films can be revealed by
electron paramagnetic resonance. It has been observed that saturated magnetic
moment increase as we increase the oxygen vacancies during deposition.

179.1 Introduction

The possibility of achieving ferromagnetic properties in semiconductor has pro-
pelled an emerging field of electronics known as spintronics. The first report of
ferromagnetism in Mn doped GaAs grown by molecular beam epitaxy, has pro-
pelled the search for identifying suitable materials for spintronics devices operating
at room temperature [1]. Dietl predicted that transition-metal-doped oxide semi-
conductors might display Curie temperatures above room temperature [1].
Subsequently, room temperature ferromagnetism (RTFM) has been reported for
ZnO doped with Co, Mn,Ni and Fe [2].The origin of RTFM in these systems is
controversial. The ferromagnetic properties of transition metals doped ZnO are
strongly dependent on sample preparation a fact that native defect play an important
role in the observed magnetic behavior in these systems. Various reports explained
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that oxygen vacancies (VO) and zinc vacancies play a vital role for RTFM in doped
and undoped ZnO [3, 4]. In this work, we have studied the role of VO for RTFM in
Ag-doped ZnO thin films.

179.2 Experimental

Undoped ZnO and ZnO:Ag thin films are deposited on transparent quartz substrate
(0.5 cm � 1 cm) using RF magnetron sputtering at growth temperatures of 600 °C.
The sputtering target was 2 inch in diameter and 0.25 inches thick synthesized by
conventional solid state reaction route made from commercially available (Aldrich,
USA) ZnO (99.999%) and AgO (99.99%), which were mixed in stoichiometric
ratio, grounded for sixteen hours and sintered at 700 °C for twelve hours. These
sintered pellets were again grounded, re-sintered and this process was repeated two
times. Ar and O2 were used as sputtering and reacting gases in ratio of 6:4. The
thickness of the undoped and Ag doped ZnO films were measured by SOPRA
GES5E spectroscopic ellipsometer (SE) at room temperature in the 1.5–6.0 eV
photon energy region with the energy interval of 0.01 eV. Magnetic measurements
on ZnO:Ag thin film samples were performed using a Quantum Design USA, Ever
Cool MPMS XL-7 superconducting quantum interference device (SQUID) mag-
netometer with the samples parallel to applied field. Magnetization as function of
magnetic field was performed at 300 K. The SQUID data were taken using the
reciprocating sample option (RSO), unlike the DC measurements where the sample
is moved through the coils in discrete steps, the RSO measurements were performed
using a servo motor which rapidly oscillates the sample. These measurements have
a sensitivity of �10−9 emu. Grazing incidence X-ray diffraction (XRD) was per-
formed using PANalytical Xpert Pro with nickel filtered Cu Ka radiation as the
X-ray source. UV-Vis absorption and transmission spectra were recorded over the
wavelength range between 200 and 1000 nm using a UV-Vis spectrophotometer
(Shimadzu UV-2401PC, Japan). The bandgap of the doped ZnO thin films was
calculated from the absorption spectra. We have achieved highest quality ZnO thin
film samples with excellent structural, morphological and optical properties by
varying different growth conditions, optimized results of these studies have been
utilized to obtain optimized growth conditions for preparing thin film samples for
magnetic measurements.

179.3 Results and Discussion

Figure 179.1 shows x-ray diffraction spectra of undoped and 2% Ag doped ZnO
films. X-ray diffraction spectra of undoped and 2% Ag doped ZnO films show
hexagonal wurtzite structure with highly c-axis (002) orientation. There is no
impurity phase in 2% Ag doped ZnO. Figure 179.2 shows the uv-vis spectra of 2%
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Ag doped ZnO in different argon and oxygen partial pressure. Uv-vis spectra shows
sharp excitonic peak with band gap 3.25 eV [5, 6]. Figure 179.3 shows the fer-
romagnetism in 2% Ag doped ZnO thin films in different argon and oxygen partial
pressure. M-H curve shows that the moment of 2% Ag doped ZnO films increases
with increasing argon and decreasing oxygen partial pressure.
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Fig. 179.1 XRD spectra of undoped ZnO and 2% Ag doped ZnO film in Ar/O2 (60/40)
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Fig. 179.2 UV spectra of 2% Ag doped ZnO in different argon and oxygen partial pressure
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The oxygen deficient films show high moment than argon deficient films. This
indicates that VO responsible for RTFM in Ag-doped ZnO. Figure 179.4 shows the
room temperature electron paramagnetic resonance spectra (EPR) in different argon
and oxygen partial pressure. Right inset of Fig. 179.4 shows the variation in EPR
intensity with different argon and oxygen partial pressure. The EPR spectra cor-
responding to g = 1.9951 indicates that VO are dominant defects in Ag-doped ZnO
films [7].
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179.4 Conclusion

We have observed RTFM in Ag doped ZnO films. The EPR spectra revealed that
VO are dominant defects in Ag doped ZnO. The saturation magnetic moment
increase as we increase the VO by varying the argon and oxygen partial pressure
during film deposition.
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Chapter 180
Calculation of Elastic Properties
of Titanium Fluoride Compounds—
A DFT Study

R. Mariyal Jebasty and R. Vidya

Abstract In the development of strong tooth filling material one needs to under-
stand the connection between microstructure of the material and its mechanical
strength. At present, titanium fluoride has been recognized as dental material
because of its compatibility in oral environment. Especially TiF4 has gained more
attention in dental fillings due to its anticaries activity. In order to elucidate its
medical applications, we studied the physical properties of TiFn (n = 2, 3 & 4)
using Density Functional Theory (DFT) where Ti takes up different oxidation states
for different concentrations of fluorine. Here we present the electronic structure and
mechanical characteristics of TiFn.

180.1 Introduction

Dentistry employs numerous restorative materials. Picking the most suitable
restorative material with properties similar to those of natural tooth structure that
can withstand the adverse conditions of the oral environment is the principal goal
[1]. The essential properties of a tooth-filling material are mechanical strength,
corrosion resistant, non-toxicity and compatible with oral environment. Amalgam is
a touted dental filling material for its mechanical strength despite being toxic
because of its cost-effectiveness. Though usage of amalgam is banned in many
countries it is still used in countries like India because of low cost. The alternative
restoratives such as composites, gold, and glass ionomer composite (GIC) are
attractive but their cost is high. Moreover GIC fails due to its low mechanical
stability. Hence the choice falls on a new material which has good mechanical
strength, corrosion resistant and toxic-free. TiF derivatives are promising in this
perspective as they also prevent dental caries [2]. Titanium can form as binary,
ternary and quaternary fluorides [3]. Using Density Functional Theory calculations
elastic properties of materials can reliably be predicted if one takes into account the
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structural relaxations along with gradient corrections in the calculations [4]. The
present study is initiated to understand the change in mechanical properties with
respect to the various valence states of titanium ions with fluoride ions. As a
preliminary work we evaluated the mechanical stability of TiF4 using Born elastic
stability criteria [5].

180.2 Computational Methods

The elastic constants are calculated within the framework of Density Functional
theory (DFT) using the stress-strain relationship implemented in Vienna Ab initio
Simulation Package (VASP) with projected augmented plane-wave (PAW).
Perdew-Burke-Ernzerhof (PBE) [7]—generalized gradient approximation
(GGA) were used to treat the exchange-correlation effect. Before performing cal-
culations to obtain elastic constants, the structural stability of these compounds was
analyzed using complete structural optimizations by minimizing the stress and force
in the crystal structures with the tolerance factor for force is nearly zero (meV/
atom). More precise DFT parameters were set in order to get the accurate elastic
constants. For convergence criteria of electronic relaxation we choose energy dif-
ference of 10–5 eV and the irreducible brillouin zone was sampled by 8 � 8 � 8
grid points. The plane wave basis set with energy cut-off 550 eV was used.
Successively, ionic relaxations are applied to the lattice vectors and the resulting
stress tensor is calculated from DFT. Resulting 6 � 6 stiffness (elastic) tensor was
obtained from linear elasticity (Hooke’s Law), connecting stress and strain [6].

180.3 Results and Discussions

180.3.1 Structural Description

TiF2, TiF3, and TiF4 take up cubic, rhombohedral, and orthorhombic lattice type,
respectively. TiF2 can be synthesized with fluorite structure (MnF2—space group
Fm-3 m) at high pressure. TiF3 crystallizes in cubic structure at room temperature
while it can also have the RhO3 type structure like other trifluorides at high tem-
perature with space group (R-3c). In this study we have taken the rhombohedral
crystal lattice which has metal ion (Ti3+) at the octahedral void site. Among the
chosen compounds, the only system which crystallizes at ambient condition is TiF4,
with the structural environment of corner sharing octahedral described by the space
group Pnma. TiF4 contains 60 atoms in its primitive cell. The optimized structural
parameters are given in Table 180.1. It shows that the equilibrium structural
parameters are in good agreement with the experimental lattice parameters. The
optimized crystal structures are shown in Fig. 180.1. Especially TiF4 has highly
distorted octahedron with five different bond length values for Ti–F bonds in the
orthorhombic structure.
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180.3.2 Electronic Properties

The total and partial density of states have been plotted to reveal the available
electronic states. A detailed analysis says that the valence band maximum of all
compounds is due to the Fluorine p-orbital, whilst the d-orbital of titanium plays the
dominant role in the conduction band minimum. It is clearly seen in Fig. 180.2a
that no states are available at the valence band region of Ti atom, and Fluorine
states alone contribute to the valence bands. In addition, the electronic states are
crossing the Fermi level, indicating the metallic nature of TiF2. Similarly,
non-negligible states cross the fermi level of TiF3 indicating its metallic character
which may also cause galvanic current while used as filling material.

In contrast to TiF2 and TiF3, TiF4 has large bandgap of nearly 4 eV (Fig. 180.2c)
between VBM and CBM. Owing to its electrical resistivity resulting from such
insulating character, TiF4 can be considered as a suitable material for dental fillings.
Also there is a degeneracy of states Ti-d and F-p states between −3 eV to 1 eV.
This hybridization of Ti-d electrons with F-p electrons shows covalent nature of Ti–
F bond over the ionic nature. This increased covalent character of bond can give
rise to stronger bonds between Ti and F in TiF4 compared to TiF2 and TiF3.

180.3.3 Mechanical Stability

We have seen in previous section that among the three compounds, TiF4 is con-
sidered for dental filling applications. Hence we calculated the elastic tensor
(stiffness) coefficients for six different finite distortions of TiF4 using the theoreti-
cally optimized crystal structure. As orthorhombic structure contains nine inde-
pendent elastic constants, nine different strains are generally needed to determine
the elastic constants as described by Ravindran et al. [4]. However VASP–PAW
code only uses the six finite distortions [6]. The strain values of magnitude
d = {−0.01, −0.005, +0.005, +0.01} was used to calculate the stress tensor. The

Table 180.1 Structural parameters of TiF2, TiF3, and TiF4

Compounds Lattice parameter (Å)

Experiment Theory

TiF2 a = b = c = 5.1555
a = b =c = 90°

a = b = c = 5.1304
a = b = c = 90°

TiF3 a = b = 4.7670; c = 13.9900
a = b = 90°= 120°

a = b = 5.5709; c = 13.6541

a = b = 90° = 120°

TiF4 a = 22.8110; b = 3.8480; c = 9.5680
a = b = c = 90°

a = 23.5987; b = 3.9170; c = 9.8908
a = b = c = 90°
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elastic constants obtained from our calculation are given by 6 � 6 matrix. The
values of these components are important because they provide the microscopic
interpretation of stress in a crystal. The nine independent elastic constants for the
orthorhombic crystal (TiF4) are C11, C22, C33, C44, C55, C66, C12, C13 and C23 (voigt
notation).

(a) (b)

(c)

Titanium

Fluorine

Fig. 180.1 Crystal structure of a TiF2 b TiF3 and c TiF4 along standard orientation
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180.3.4 Total Elastic Moduli in GPa (Stiffness Tensor
Matrix) Cij

33:555 5:230 7:394 �0:0 �0:0 0:0
5:230 249:817 1:840 �0:0 �0:0 0:0
7:394 1:840 34:189 �0:0 0:0 0:0
�0:0 �0:0 �0:0 6:166 �0:0 �0:0
�0:0 �0:0 �0:0 �0:0 4:693 0:0
�0:0 0:0 0:0 �0:0 0:0 10:874

0
BBBBBB@

1
CCCCCCA

The normal strain leads to three 3 � 3 deformation matrices D1, D2, and D3

whose linear responses are the elastic constants C11, C22 and C33, respectively. The
remaining components are obtained by the shear strain and combination of other
constants causing the other deformation matrices D4, D5 and D6. Among all elastic
constants of TiF4, C22 exhibits higher value along b-axis, indicating that the more
resistance to deformation of TiF4. We have also calculated the Born stability
parameter for all three compounds, from which we found that all TiF variants
exhibit mechanical stability.

Fig. 180.2 Density of states plot of a TiF2, b TiF3, and c TiF4
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180.4 Conclusion

We have found that among the three halides TiF2, TiF3 and TiF4 the desirable
physical property and the mechanical stability for dental fillings is found only in
TiF4. The increased fluoride content may also play a role in preventing the tooth
caries. In addition, TiF4 exhibits the covalent nature of Ti–F bond which
strengthens the material. Also the stress along b-axis reveals the anisotropic nature
of TiF4, turning our attention towards the shape and orientation of the filler material.
This property plays a major role while the material comes into clinical usage.
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Appendix

A bench mark has been made for our calculation with elastic constants of Si for
verifying our results and the error percentage was obtained as shown in the below
table. An open-source online application ELATE has been used to extract elastic
properties from elastic tensors [8].

Elastic constants (GPa) Error (%)

Experiment Theory

k-point
(4 � 4 � 4)

k-point
(8 � 8 � 8)

k-point
(4 � 4 � 4)

k-point
(8 � 8 � 8)

C11 165.64 143.978 145.729 12.69 12.02

C12 63.94 62.065 59.562 2.93 6.84

C44 79.51 64.236 72.480 19.21 8.84

Bulk
modulus K

97.84 89.37 88.285 8.65 9.76

Young’s
modulus E

165.72 136.76 148.19 17.71 10.57

Shear
modulus G

68.046 54.924 60.721 19.28 10.76

Poisson’s
ratio v

0.218 0.245 0.220 −12.38 0
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Chapter 181
Analytical Modeling and Simulation
Study of Homo and Hetero III-V
Semiconductor Based Tunnel Field
Effect Transistor (TFET)

M. Lakshmi Varshika, Rakhi Narang, Mridula Gupta
and Manoj Saxena

Abstract High staggered, Moderate staggered and homo junction III–V
semiconductor-based heterojunction TFETs are of interest as they allow a high on–
off current ratio and high on current through reduction in the tunneling barrier
height. GaAsSb/InGaAs based heterojunction p-n-i-n TFET has shown an increase
in the drive current when compared to homojunction due to band engineering.
Further engineering can be performed by varying tunneling barrier height (Ebeff)
from 0.5 to 0.25 eV using differently staggered heterojunction. Thus, the concept of
halo doped heterojunction pocket TFET is presented by analytical and simulation
study with varying staggered junctions.
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181.1 Introduction

In recent years, prolific research has accounted in incrementing the drain current of
TFET and consequently designing a device providing sub threshold slope below the
limits with similar performance as that of CMOS technology [1]. Introducing
pocket layer in TFET or using hetero materials have shown a considerate
improvement in performance than the conventional design. This paper aims at
combining some of those techniques.

A p-n junction can be classified on the basis of bandgap, as High staggered
hetero, Moderate staggered hetero and Homo junction. The use of these junctions in
a TFET as source and channel materials exponents in reducing the tunneling barrier
and subsequently increasing drain current [2, 3]. The halo doped pocket hetero
junction TFET is the acme of possibility to include in band gap engineering without
being utilitarian with materials. Introducing a pocket at the source end and to be
able to further reduce the bandgap at the junction using barrier height variation
would increment the drain current meteorically. The bandgap engineering per-
formed using tunneling barrier height (Ebeff) variation from 0.5 to 0.25 eV is
realized by varying the mole fraction of the materials in GaAsSb and InGaAs as
source and drain respectively.

An analytical model that would be applicable to all the three structures as
mentioned earlier, with halo doped pocket layer is developed and evaluated. The
general approach developed objectively is utilized to generate potential, electric
field and energy band profile respectively. The results are then compared with
simulation [4–6] output and analyzed. The material parameters are given in
Table 181.1.

Table 181.1 Device parameters of the architectures under study [3, 10, 11]

Homo
junction

Moderate hetero
junction

High hetero
junction

Source In0.7Ga0.3As GaAs0.4Sb 0.6 GaAs0.35Sb0.65
Pocket In0.7Ga0.3As In0.65Ga0.35As In0.7Ga0.3As

Channel and drain In0.7Ga0.3As In0.65Ga0.35As In0.7Ga0.3As

Source doping
concentration

5e+19 cm−3 5e+19 cm−3 5e+19 cm−3

Pocket doping
concentration

1e+19 cm−3 1e+19 cm−3 1e+19 cm−3

Drain doping
concentration

5e+19 cm−3 5e+19 cm−3 5e+19 cm−3

Electron affinity of
channel

4.63 eV 4.63 eV 4.63 eV

Ebeff 0 0.31 eV 0.25 eV

Eg of source 0.58 eV 0.69 eV 0.68 eV

Eg of drain 0.58 eV 0.74 eV 0.58 eV
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181.2 Analytical Model of 2D Halo Doped TFET

The two dimensional Poisson’s Equation for the device shown in Fig. 181.1a, can
be expressed as [7]

@2u x; yð Þ
@x2

þ @2u x; yð Þ
@y2

¼ � qN
eSi

ð181:1Þ

where 0 � x � tSi and 0 � y � Lg. The 2D potential, u x; yð Þ can be denoted as
uH and uCH in RH and RCH regions. N is the effective doping which is equal to −NH

and ±NCH respectively. With a parabolic distribution of potential along the x di-
rection, [8]

uH x; yð Þ ¼ aH yð Þþ aH1 yð Þxþ aH2 yð Þx2 ð181:2Þ

uCH x; yð Þ ¼ aCH yð Þþ aCH1 yð Þxþ aCH2 yð Þx2 ð181:3Þ

To ensure the continuity of potential and electric field, boundary conditions [12]
are

uH 0; yð Þ ¼ uH tSi; yð Þ ¼ uSH yð Þ ð181:4Þ

Fig. 181.1 a Schematic cross sectional view of p-n-i-n TFET; Lg is the gate length, LH pocket
length = 6 nm, Lch channel length = 150 nm, tsi is the channel thickness = 30 nm, b band
diagram of hetero interface [9], c simulated structure of p-n-i-n TFET
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Ex�H 0; yð Þ ¼ � duH x; yð Þ
dx

jx¼0 ¼ � Vg � Vfb
� �� uSH yð Þ

tSi
g

ð181:5Þ

duH x; yð Þ
dx

jx¼tSi
2
¼ 0 ð181:6Þ

uCH 0; yð Þ ¼ uCH tSi; yð Þ ¼ uSCH yð Þ ð181:7Þ

Ex�CH 0; yð Þ ¼ � duCH x; yð Þ
dx

jx¼0 ¼ � Vg � Vfb
� �� uSCH yð Þ

tSi
g

ð181:8Þ

duCH x; yð Þ
dx

jx¼tSi
2
¼ 0 ð181:9Þ

In the above equations uSH and uSCH are the surface potentials in pocket region
RH and channel region RCH respectively [8]. Vfb denotes the flat band voltage and η
is the ratio of gate oxide capacitance and thin film capacitance. Solving for the
parameters using the above boundary conditions yields

aH=CH yð Þ ¼ uSH=SCH yð Þ ð181:10Þ

aH1=CH1 yð Þ ¼ � g
tSi

Vg � Vfb � uSH=SCH yð Þ
� �

ð181:11Þ

aH2=CH2 yð Þ ¼ � g
t2Si

Vg � Vfb � uSH=SCH yð Þ
� �

ð181:12Þ

uH x; LHð Þ ¼ uCH x; LHð Þ ð181:13Þ

duH x; yð Þ
dy

jy¼LH ¼ duCH x; yð Þ
dy

jy¼LH ð181:14Þ

By substituting uH in the 2D Poisson’s equation,

€uSH yð Þ � a2uSH yð Þ ¼ bH ð181:15Þ

€uSCH yð Þ � a2uSCH yð Þ ¼ bCH ð181:16Þ

where, a ¼
ffiffiffiffi
2g
t2Si

q
, bCH ¼ � 2g Vg�Vfbð Þ

t2Si
þ qNCH

eSi
Solving the above equations gives,

uSH yð Þ ¼ CH1eay þCH2e�ay � bH=a
2 ð181:17Þ

uSCH yð Þ ¼ CCH1eay þCCH2e�ay � bCH=a
2 ð181:18Þ
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Boundary conditions for surface potential at source end, uSH 0ð Þ and drain end,
uSCH Lg

� �
are

uSH 0ð Þ ¼ kT
q
ln

Nsource

Ni

� �
ð181:19Þ

uSCH Lg
� � ¼ kT

q
ln

Ndr

Ni

� �
þVds ð181:20Þ

Nsource, Ndr and Ni are the doping concentrations of source, drain and the intrinsic
concentration of the channel respectively.

Solving the above equations with given boundary conditions, parameters
CH1;CH2;CCH1;CCH2 are evaluated. Further

Ex�H ¼ aH1 yð Þþ 2xaH2 yð Þ ð181:21Þ

Ey�H ¼ CH1aeay � CH2ae�ay ð181:22Þ

Ex�CH ¼ aCH1 yð Þþ 2xaCH2 yð Þ ð181:23Þ

Ey�CH ¼ CCH1aeay � CCH2ae�ay ð181:24Þ

would be the electric field expressions in the pocket and channel region
respectively.

The effective bandgap for tunnelling can be decreased even further by using
heterostructures [2]. Consider (semiconductor 1) p-n (semiconductor 2) junction
with two different bandgap materials. Depending upon the difference between their
electron affinities, the junction can be classified as in Fig. 181.2.

The drive current enhances on replacing an InGaAs homojunction TFET by a
heterojunction InGaAs/GaAsSb. Further enhancement can be attained by engi-
neering the effective tunneling barrier height Ebeff from 0.58 to 0.25 eV.
Moderate-stagger GaAs0.4Sb0.6/In0.65Ga0.35As and high stagger GaAs0.35Sb0.65/
In0.7Ga0.3As hetero junction TFETs are considered, and their electrical results are
compared with the In0.7Ga0.3As homojunction TFET (Ebeff = 0.58 eV).

Also, boundary conditions for surface potential at source end, uSH 0ð Þ and drain
end, uSCH Lg

� �
can be evaluated from the band diagram across the hetero junction at

the source end as shown in Fig. 181.1b.

uSH 0ð Þ ¼ Vbi ¼ Ef2 � Ef1 ð181:25Þ

Ef2 � Ec2 ¼ kT
q
ln

Nd

Nc2

� �
ð181:26Þ
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Ev1 � Ef1 ¼ kT
q
ln

Na

Nv1

� �
ð181:27Þ

DEc ¼ v2 � v1 ð181:28Þ

DEc þDEv ¼ DEg ð181:29Þ

Thus,

uSH 0ð Þ ¼ Eg1 � DEc þ kT
q
ln

NaNd

Nc2Nv1

� �
ð181:30Þ

uSCH Lg
� � ¼ kT

q
ln

Ndr

ni

� �
þVds ð181:31Þ
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Fig. 181.2 Surface potential profile from source to drain region for a In0.7Ga0.3As homojunction
TFET, b moderately staggered GaAs0.4Sb0.6/In0.65Ga0.35As hetero junction TFET, c high
staggered GaAs0.35Sb0.65/In0.7Ga0.3As
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where v2; v1 are the electron affinity values of the source and the pocket, Na, Nd,
Nc2, Nv1 are the doping concentration in source, pocket and intrinsic concentration
in source, pocket respectively.Ndr is the doping concentration of the drain, Eg1 the
band energy of source and DEc is the conduction band offset. Thus, the parameters
are

CCH2 ¼ 1
eaLg � e�aLgð Þ Eg1 � DEc þ kT

q
ln

NaNd

Nc2Nv1

� �� �
eaLg � kT

q
ln

Ndr

ni

� �	

�Vds þ k1eaLg � 1
� � bCH

a2
þ 1� k1ð ÞeaLg bH

a2




CCH1 ¼ 1
eaLg � e�aLgð Þ Eg1 � DEc þ kT

q
ln

NaNd

Nc2Nv1

� �� �
e�aLg þ kT

q
ln

Ndr

ni

� �	

þVds þ 1� k1e�aLg
� � bCH

a2
� 1� k1ð Þe�aLg bH

a2




where, k1 ¼ eaLH þe�aLH

2

181.3 Results

A keen assay over the potential plots in Fig. 181.2 at three different VGS in the
pocket region of 0–6 nm the potential increase is essentially identical. The major
point of concern is the tunnel region. Pocket purpose was to reduce the tunneling
barrier [10], [13]. Further engineering of it is facilitated by hetero junction.
However, it is desired that the engineering doesn’t affect other parameters.

As it could be seen, irrespective of the band energies, the electric potential
variation is similar. Also is the case for electric field for a value of Vgs and Vds

(Fig. 181.3). This proves to be advantageous for its application as supplant in
conventional field.

Similarly, supporting are the band energy plots in Fig. 181.4. The band bending
in pocket region is higher in highly staggered and in homo junction has least. Band
bending is observed at the pocket region. The transition from source to pocket and
to the intrinsic channel region has a dip in band energy as in the figures above, near
to the 0 nm.

More the band bending, narrower the junction and higher is the possibility of
tunneling. High and moderate staggered hetero junction possesses greater steeper
transition than that of homo junction. Thus, hetero junction would produce a better
on-off current ratio. At commensurate potential hence, a hetero modeled device has
promising performance characteristics.
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181.4 Conclusion

Due to the reduction in tunnel barrier height, Ebeff, the GaAs0.35Sb0.65/In0.7Ga0.3As
HTFET achieves enhancement in on current over the In0.7Ga0.3As homojunction
TFET at VDS = 1 V. Mixed lattice-matched heterojunctions (GaAs1−xSbx/InyGa1
−yAs) provide a wide range of compositionally tunable Ebeff. With increasing Sb
and In compositions, Ebeff can be reduced from 0.5 eV (x = 0.5, y = 0.53) to 0 eV
(x = 0.1, y = 1), and hence, the TFET on current can approach the MOSFET level
without compromising the steep switching and high on/off current property desir-
able in a low power logic switch.
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Fig. 181.3 Electric field profile for a In0.7Ga0.3As homojunction TFET, b moderately staggered
GaAs0.4Sb0.6/In0.65Ga0.35As hetero junction TFET, c high staggered GaAs0.35Sb0.65/In0.7Ga0.3As
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Chapter 182
Enhanced Cold Cathode Electron
Emission from ZnO Nanostructure
Attached Amorphous Carbon
Nanotubes

Supratim Maity and Kalyan Kumar Chattopadhyay

Abstract Amorphous carbon nanotubes (aCNTs) were produced by simple low
temperature synthesis technique. In this synthesis technique a chemical reaction
occurs between ferrocene and ammonium chloride at a temperature *250 °C in an
air furnace. Flower like zinc oxide (ZnO) nanostructure were attached with the
aCNTs. The as synthesized samples were characterized by X-ray diffraction (XRD),
field emission scanning electron microscope (FESEM) and high resolution trans-
mission electron microscope (HRTEM). ZnO-aCNT hybrid nanostructure exhibited
enhanced field emission properties with a turn-on field as low as 2.6 V/lm. The
improvement of the field emission property may be attributed to the high
enhancement factor and increased roughness of the hybrid sample.

182.1 Introduction

Carbon nanotubes (CNTs) are one of the most promising potential candidate as cold
cathode material in the field emission (FE) devices due to its high aspect ratio and
high electrical conductivity [1–3]. During FE it shows low turn-on field which helps
to obtained high current density at low applied electric field. The FE property can be
further improved by altering their geometrical structure and by proper surface
functionalization [4–9]. In recent years most of the works regarding field emission
were carried out on crystalline CNTs. However for the production of crystalline
CNTs high temperature (800–1100 °C) and synthesis of catalyst particles are
required. These conditions are difficult to achieve. In this regard amorphous CNT
(aCNT) may be a good alternative due to its large yield production and low tem-
perature synthesis procedure. The defect site of the carbon network helps to func-
tionalize the aCNTs with various organic and inorganic nanostructured materials
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[10, 11]. The defect site on the walls of the carbon network also promotes to be used
as a gaseous adsorbent, sensor, and catalyst support. On the other hand, ZnO is one
of the important optoelectronic material due to its wide direct band gap (3.37 eV)
and large exciton binding energy (60 meV). ZnO is also considered to be promising
inorganic field emitter material owing to its negative electron affinity and chemical
stability. It has high melting point and thermal stability which is vital for good cold
cathode material. So it is presumed that the combination of ZnO and aCNT may
provide improved multifunctional field emitter material. Here we have presented
easy low temperature synthesis procedure of ZnO-aCNT hybrid structure.
Morphological structures of the as synthesized samples were investigated by X-ray
(XRD), field emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). Field emission measurements of both the samples show
that field emission properties of ZnO decorated aCNT have been improved than that
of the pristine aCNT.

182.2 Experimental

182.2.1 Synthesis

Ferrocene and NH4Cl are mixed in 1:2 ratio in a mortar. Then the mixture has been
heated in air oven at 250 °C for 30 min. After natural cooling the sample is washed
with HCl and deionized water. After drying it for overnight, it was mixed in a
solution of Zn(CH3COO2)�2H2O in DMF and heated at 90 °C for 6 h in an oil bath.
Finally the resulting sample was filtered and dried in air oven for overnight.

182.2.2 Characterization and Field Emission Measurement

X-ray diffraction pattern of the as synthesized samples are obtained from Rigaku
ultima IIIX-ray diffractometer using CuKa radiation of wave length k = 1.54 Å in
the 2h range from 10 to 80°. The detailed morphology of aCNT and the hybrid
sample have been investigated by field emission scanning electron microscopy
(FESEM, Hitachi, S-4800) and high resolution transmission electron microscope
(HRTEM, JEOL-JEM 2100). Field emission measurements of the samples have
been carried out by our home made high vacuum field emission setup.

182.3 Results and Discussion

182.3.1 XRD Study

Figure 182.1 shows the XRD pattern of pristine aCNT and ZnO decorated aCNT.
In the XRD pattern of aCNT a hump is detected in the 2h range of 10° to 30° which
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confirms the amorphous nature of the sample. XRD pattern of ZnO attached aCNTs
sample depicts sharp peaks at 2h *31.7°, 34.4°, 36.2°, 47.6°, 56.6°, 62.8°, 67.8°
and 69° that correspond to reflections from (100), (002), (101), (102), (110), (103),
(112) and (201) planes respectively [12] which confirms the formation of crystalline
ZnO in the composite sample.

182.3.2 Morphological Analysis by FESEM and HRTEM
Study

FESEM image of as prepared pristine aCNTs show that the aCNTs are closely
attached with each other forming a bundle of aCNTs. The tubular structure of
aCNTs are prominent from the FESEM image (Fig. 182.2). The length of the
aCNTs are � 4–5 lm and the outer diameters � 110–120 nm.

Fig. 182.1 XRD pattern of
aCNT and ZnO-aCNT hybrid
structure

Fig. 182.2 FESEM image of
pristine aCNT
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The probable chemical reactions between Ferrocene and NH4Cl with oxygen
during formation of aCNTs are given below

4 C5H5ð Þ2FeþO2 þ 4NH4Cl ! 4 C5H5ð Þ2FeClþ 4NH3 þ 2H2O

4 C5H5ð Þ2FeClþ 3O2 þ 2NH4Cl ! 10Cþ FeCl3 þ 2NH3 þ 6H2O

Figure 182.3 shows the ZnO flower like structure attached on the wall of the
aCNTs. The diameter of each flower is *200–300 nm.

From the TEM (Fig. 182.4) it is clearly observed that the walls of the aCNTs are
not smooth as that of the crystalline CNTs and the wall thickness is *40–50 nm.
Walls of the aCNTs are amorphous in nature. It also confirms that aCNTs are
closely attached and forming bunches of aCNTs. It is evident from the TEM image
that ZnO nanospheres are attached on the wall of the aCNT.

182.3.3 Field Emission Study

Field emission measurement has been carried out using a diode configuration setup
which is consisting of a cathode (the sample under test) and a stainless steel tip
anode (conical shape with a 1 mm tip diameter) mounted in a liquid nitrogen
trapped rotary-diffusion high vacuum chamber. The measurement of field emission
current was recorded at a base pressure 10−6 mbar. The variation of field emitted
current density (J) with the applied electric field (E) is shown in Fig. 182.5. The
turn-on field (field at 10 lA/cm2 current density) of aCNT-ZnO hybrid structure
and pristine aCNT have found to be 2.6 and 9.7 V/lm respectively. Large
current has been obtained at low applied electric field due to this lowering of
turn-on field.

Fig. 182.3 FESEM image of
aCNT-ZnO heterostructure
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The field emission characteristics are analyzed by the Fowler-Nordheim (F-
N) equation [13]. From this equation the relation between J and E can be written as

J ¼ ðab2E2u�1Þ expð�bu3=2=bEÞ ð182:1Þ

where a = 1.54 � 10−6 A eV V−2 and b = 6.83 � 107 eV−3/2 V cm−1 are 1st and
2nd F-N constants respectively. Here u is the work function and b is the field
enhancement factor which are related to each other by following equation

Fig. 182.4 TEM image of
aCNT-ZnO heterostructure

Fig. 182.5 FE characteristics
of aCNT and ZnO-aCNT
heterostructure
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b ¼ �bu3=2=S ð182:2Þ

where S is the slope of the F-N plot, i.e. a plot of ln(J/E2) versus 1/E obtained from
the modified F-N (182.1). Figure 182.6 shows the F-N plot of the aCNTs and the
ZnO-aCNTs hybrid structure. The nature of the F-N plots indicates that current is
due to the coldfield emission i.e. the current is dominated by the standard tunneling
theory proposed by Fowler-Nordheim [13]. Here we have taken work function of
aCNT 5 eV where as for ZnO work function is 5.3 eV. From the slope of the F-N
plot the enhancement factor of aCNT and ZnO attached aCNTs are found to be
1568 and 3228 respectively.

A comparison of FE characteristics of ZnO nanostructure attached crystalline
CNT (previously reported result) and aCNT are shown in Table 182.1.

182.4 Conclusion

ZnO-aCNT heterostructure is fabricated by simple low temperature chemical pro-
cess. The turn-on field of aCNT-ZnO hybrid structure in comparison to pure aCNT
has down shifted from 9.7 to 2.6 V/lm which may be due to smaller electron

Fig. 182.6 F-N plot of aCNT
and ZnO-aCNT
heterostructure

Table 182.1 Comparision of field emission charecterestics of crystalline CNT-ZnO and
amorpous CNT-ZnO composites

Samples Turn-on field
of (V/lm) CNT

Turn-on field
of composite

Defined at Reference

CNT-ZnO 5.58 3.72 I = 1 lA [14]

aCNT-ZnO 9.7 2.6 J = 10 lA/cm2 This work
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affinity of ZnO (2.1 eV) than pristine aCNT (4.8 eV) and higher enhancement
factor of ZnO-aCNT hybrid sample.
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Chapter 183
Surface Stabilised Quantum Confined
ZnO Nanosystems

Ashish Kumar Keshari, Manjeet Singh and Manish Sharma

Abstract We synthesized the ZnO doped with Mg2+, Cu2+ and Ag+ nanosystems
by employing polyvinyl alcohol (PVA), PVP and biotin as organic capping agents
by chemical co-precipitation route. All the synthesized materials were characterized
by X-ray diffraction for structural analysis and some of the synthesized materials by
scanning electron microscopy for the surface morphological analysis. Furthermore
we have observed that the surface passivation will lead to structural and size
stability of the nanosystems. It was also observed that all the organic polymers
employed in the synthesis process have the same effect on the crystallite sizes and
will be able to stabilize against growth and agglomeration of the nanoparticles.
Controlled synthesis of the nanoparticles leads to the beautiful flakes like
morphology.

183.1 Introduction

Quantum confined systems are attracted due to its wide range of technological
applications in Electronic, opto-electronic devices and in biomedical engineering.
Recent prediction of Bhargava et al. that we can modulate the properties of the
whole crystals by introducing a single impurity into the 2–5 nm nanocrystals (re-
ferred as Quantum Confined Atom) which is a totally different approach other than
the quantum size effect [1]. However we can also tune the properties of crystals by
tuning their size in quantum confinement regime (2–10 nm) as well as by surface
modifications. In our work we have used both the breakthrough of Nanoscience and
studied size dependent structural, optical and photoluminescence properties of
doped nanosystems for specific applications.
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A broad energy band (3.37 eV), high exciton energy (60 meV) and high thermal
and mechanical stability at room temperature make it attractive amongst the
researchers for technological advancement in electronics, optoelectronics and laser
technology [2, 3]. The piezo- and pyroelectric properties of ZnO leads to other
potential applications sensor, converter, energy generator and photocatalyst in
hydrogen production [4, 5]. Because of its hardness, rigidity and piezoelectric
constant it is an important material in the ceramics industry, while its low toxicity,
biocompatibility and biodegradability make it a material of interest for biomedicine
and in pro-ecological systems [6–8].

The variety of new structures and morphology of nanostructured ZnO can be
classified among new materials with potential applications in many fields of nan-
otechnology. Zinc oxide can be obtained in 2D structures, such as nanoplate/
nanosheet and nanopellets [9, 10] and 3D structures of zinc oxide include flower,
dandelion, snowflakes, coniferous urchin-like, etc. [11–14].

183.2 Experiments

The work described herein involved working at the quantum dot interface and
utilized principles of quantum confined atom in conjunction with biological and
organic synthetic chemistry for the controlled syntheses of inorganic nanoscale
materials. We have performed the controlled syntheses of doped ZnO semicon-
ductor nanocrystals using various organic and biological molecules; and done
investigations on the fundamental physical properties of nanoparticles, such as the
effect of surface modifications by organic/biomolecules on size, luminescence and
band gap and their stability.

Preparation of all the doped ZnO samples was follows the method of Koch [15]
and Spanhel [16] with some variations. In the following experiment, the sample was
prepared in a clean room of class 100 at room temperature and under ambient
conditions. All chemicals are of AR grade and procured from CDH and Fishers
chemicals. In a typical experiment, e.g. PVA caped Ag doped ZnO system, 0.1 M
of zinc acetate dihydrate and AgNO3 (5%, optimized) were dissolved in 50 ml of
ethanol. PVA is added drop by drop to the above solution with continuous stirring.
After vigorous magnetic stirring and ultrasonic bath, a semi-transparent solution is
obtained. Now 0.2 M NaOH monohydrate is added in another 50 ml of ethanol,
and placed into ultrasonic bath to destroy the weakly soluble powder. Slowly
mixing the two solutions gives first a transparent solution which show bright
blue-green luminescence under UV excitation (352 nm). The precipitate was fil-
tered and washed with distilled water. The resulting solution was centrifuged at
8000 rpm for 10 min. The precipitates were dried in oven at 100 °C for two hours
and calcinated at 500 °C, in muffle furnace for two hours. The basic zinc carbonate
precipitate was decomposed in zinc oxide, a nano white powder. Other systems of
ZnO doped with Mg and Cu capped with PVA, PVP and Biotin were prepared in a
similar manner with their respective precursors and dopants.
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183.3 Results and Discussions

X-ray diffrcation was performed on Rigaku X-ray diffractometer using CuKa1
radiation with wavelength of 1.54 Å in a wide angle region from 30° to 70° on 2h
scale. The X-ray diffraction spectra of ZnO doped with Ag, Mg and Cu by using
different capping agents PVA, PVP and biotin are presented in Fig. 183.1. The peak
positions in the figures indicate the formation of hexagonal wurtzite crystal struc-
ture with three most preferred orientations (100), (002) and (101), which are in very
good agreement with the standard JCPDS (card no. 36-1451). From the XRD
spectra it is evident that there are no impurity phase is observed. But in the case of
PVP and biotin caped Ag doped ZnO, one additional phase is also observed which
might be due the lack of proper washing. The diffraction peaks obtained are strong
and narrow indicating that the all the synthesized doped ZnO nanocrystal has good
crystallinity. But broadening confirms the nanocrystalline nature of the prepared
materials.

All available reflections of the present phase have been fitted with Gaussian
distribution. The broadening of the XRD lines (also called as Scherrer’s
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Fig. 183.1 X-ray diffraction spectra of Ag doped ZnO, Mg doped ZnO and Cu doped ZnO
nanocrystals capped with PVA, PVP and Biotin revealing single phase wurtzite structure.
Broadening confirms the nanocrystalline nature of the prepared materials. Table shows average
crystallite sizes of Ag, Mg and Cu doped ZnO capped with PVA, PVP and Biotin as calculated by
using Debye-Scherrer’s equation
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broadening) is attributed to the nanocrystalline nature of the samples, which was
used to calculate the diameter ‘D’ of the nanoparticles by means of the
Debye-Scherrer equation [17]

D ¼ 0:89k
bCosh

where D is the crystallite size, k is the wavelength of radiation used, h is the Bragg
angle, and b is the full width at half maximum (FWHM) on 2h scale. The average
crystallite sizes of all the prepared samples are calculated using above equation and
are shown in table above. From the table, it is clear that there is minuet change in
the average crystallite sizes of the various doped ZnO nanoparticles using various
capping agents PVA, PVP and biotin. which clearly indicates all the three organic
polymers have the same effect on the crystallite sizes and will be able to stabilize
against growth and agglomeration of the nanoparticles.

Scanning electron microscopy images of some of the prepared samples are also
recorded using Zeiss scanning electron microscope at 5 kV and of different mag-
nifications. Figures 183.2 and 183.3 shows the scanning electron micrographs of
PVA capped Ag doped ZnO and PVA caped Cu doped ZnO samples respectively at
different magnifications. Figure 183.2 shows that the controlled synthesis leads to

Fig. 183.2 Scanning electron microscopy images of the PVA capped Ag doped ZnO samples on
different magnifications reveals flakes like structure having cluster size is *434 nm to 1.9 µm
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flakes like morphology having cluster size is *434 nm to 1.9 µm and Fig. 183.3
also reveals flakes like structure with cluster size is *951 nm to 16 µm.
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Chapter 184
Effect of Composite Electrode Slurry
Preparation Method on Electrochemical
Characteristics of LiFePO4/C Based
Li-ion Cell

A. Srinivas Kumar, T. Venugopala Rao, Prerana Priydarshini,
T. V. S. L. Satyavani and Shashikant

Abstract LiFePO4 is a potential cathode material for its application in Li-ion
batteries to provide high energy density, high power density and flat discharge
voltage which are the basic requirements of underwater electric vehicles. It is non
toxic, low cost, safe and environmentally benign material with high operating
voltage (*3.4 V vs. Li). Although it has a high specific theoretical capacity (170
mAh/g), its discharge capacity is highly influeced by the method of preparation and
mixing sequence of the ingredients of composite slurry for coating of electrode. In
the present work, the electrode slurry is prepared by two different methods namely
conventional method and conductive glue method. CR2032 coin cells in half cell
configuration are fabricated using the electrodes prepared by both these methods.
Electrochemical characterization of these half cells is carried out using cyclic
voltammetry, AC-impedance, charge-discharge characteristics and specific capacity
studies. It is found that coin cells made of electrodes prepared by conductive glue
method provided higher capacities and less fading of capacity with cycles. It is
opined that the conductive glue method helps in forming the electronic conductive
network with uniform distribution of carbon additive around the active material
resulting in homogeneous mixing of electrode slurry and quality coating thereby
improving cell capacity and lower fade outs of capacity.

184.1 Introduction

Olivine phosphates are widely researched cathode materials for Li-ion batteries,
because of their cyclability and stability over a wide range of temperatures. Lithium
iron phosphate (LiFePO4) first reported by Padhi et al. [1] has a theoretical specific
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charge capacity of 170 mAh/g and a Fe2+/3+ redox couple at 3.5 V. LiFePO4 is a
promising cathode material but is limited by its low ionic and electronic conduc-
tivity. The electrochemical properties of LiFePO4 can be improved considerably by
various techniques to make it a suitable cathode material for high rate discharge
applications [2, 3]. To fabricate electrodes, cathode active material, conductive
additive and binder PVDF along with its solvent N-methyl pyrolidone (NMP) are
mixed for several hours to form homogenous slurry. The ratio of these ingredients
of the electrode slurry and solid to solvent ratio to form slurry are to be optimized to
achieve required loading, porosity and specific capacity [4, 5]. Although, LiFePO4/
C has a high specific theoretical capacity (170 mAh/g), its discharge capacity is
highly influenced by the method of preparation and mixing sequence of the
ingredients of composite slurry for coating of the electrode. Carbon black is
employed as a conductive additive during the preparation of the electrode slurry in
order to achieve high electronic conductivity and better diffusion. The uniform
distribution of carbon black enhances the electron transport among LiFePO4/C
particles. It minimizes the local stress and heating due to polarization, thus
enhancing the current handling ability of electrode, capacity and high rate discharge
capability of cells [6]. This distribution of conductive additive depends on the
method of preparation of composite slurry and mixing sequence of the ingredients
for coating of electrode [7]. In the present work, the electrode slurry was prepared
by two different methods namely conventional method and conductive glue
method. In the conventional method of cathode preparation, the ingredients are
mixed together without any pre-treatment and in the conductive glue method, the
conductive carbon black is initially mixed with NMP and PVDF at room temper-
ature which forms conductive glue and then active material is added to make
homogeneous slurry.

184.2 Experimental Details

(a) Conventional method

Electrode slurry was prepared by dispersing 82 wt% carbon coated active
material i.e., LiFePO4/C, 10 wt% carbon black, and 8 wt% polyvinylindene fluoride
(PVDF) in N-methylpyrolidone (NMP) simultaneously for duration of 2 h by
mechanical mixer. The optimized ratio of precursors is 82:8:10 by weight per-
centage and 60:40 is the solvent to solid ratio. Figure 184.1 shows the flow chart of
the steps involved in the preparation of electrode slurry in conventional method.
The prepared slurry was coated on aluminum foil at thickness of 60–70 µm. The
electrodes were dried at 100 °C in vacuum oven for overnight to evaporate the
solvent. The electrode laminate is rolled to final porosity of about 40–50% in a
calendaring machine [8]. Then the compressed laminate was punched into small
disks. Before cell assembly, the electrodes were further dried in a vacuum oven at
100 °C overnight. Coin cells were assembled using CR2032 hardware in half cell
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configuration with the composite electrode disk as cathode, lithium foil as anode
and Celgard 2400 porous polyethylene membrane as separator as shown in
Fig. 184.2. The electrolyte was 1 M LiPF6 in ethylene carbonate (EC), dimethyl
carbonate (DMC) with a volume ratio of 1:1. The cells were fabricated in a glove
box filled with argon gas (H2O < 0.1 ppm, O2 < 0.1 ppm).

Fig. 184.1 Flow chart of slurry preparation

Fig. 184.2 Components of
coin cell assembly
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(b) Conductive glue method

In this method, order of mixing sequence of ingredients has been changed for the
slurry preparation and rest of the coin cell assembly process remained same as
conventional method. 10 wt% carbon black was mixed with 8 wt% PVDF in NMP
at room temperature initially and was mixed for 30 min to form conductive glue.
Then active material (LiFePO4/C) was added and again mixed for 90 min to get
homogeneous slurry. This slurry was used for coating the electrodes and coin cells
were fabricated as mentioned above. The optimized composite ratio 82:8:10 by
weight percentage helps in forming the electronic conductive network with uniform
distribution of carbon additive around the active material resulting in homogeneous
mixing of electrode slurry. The galvanostatic charge/discharge tests were performed
at room temperature on 8 channel analyzer (MTI make) at different C-rates 0.1, 1C,
3C, and 5C between 2.7 and 4.2 V. Electrochemical impedance Spectroscopy
(EIS) was carried out using frequency range 100 kHz to 0.01 Hz with amplitude of
0.2 mV/s at room.

184.3 Results and Discussions

The cells which contain electrodes prepared by both slurry process methods are
tested. Figure 184.3 shows the charge discharge characteristics of both types of
cells at 1C rate. It is evident from the plot that polarization is less for those cells
prepared from conductive glue method. Figure 184.4 shows the discharge charac-
teristics at different C-rates for both types of cells. The loss in specific capacity with
increasing C-rate is more for the cells prepared by conventional method.

Fig. 184.3 Charge-discharge
characteristics at 1C rate
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The specific capacity for each cycle is compared for both types of cells for the
first twenty cycles of different C-rates namely 0.1C, 1C, 3C and 5C as shown in
Fig. 184.5. The cells prepared from electrodes of conductive glue method show
higher specific capacities and less loss after twenty cycles. The Cyclic
Voltammograms were recorded using an electrochemical workstation in the voltage
range 2.5–4.2 V and shown in Fig. 184.6. The electrochemical impedance spec-
troscopy (EIS) was carried out using frequency range 100 kHz to 0.01 Hz with
amplitude of 0.2 mV/s at room temperature and Nyquist plots are shown in
Fig. 184.7.

The discharge capacities of cells having electrodes prepared by conductive glue
method are 135 mAhg−1 at 0.1C, 127 mAhg−1 at 1C, 120 mAhg−1 at 3C and 95
mAhg−1 at 5C and the discharge capacities of cells prepared by conventional
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method are 132 mAhg−1 at 0.1C, 124 mAhg−1 at 1C, 98 mAhg−1 at 3C and 82
mAhg−1 at 5C. Moreover, with increase of discharge rate, the electrode with
conductive glue improves the discharge capacity and also exhibit less significant
electrode polarization. This can also be explained on the basis of mixing sequence
of slurry preparation. It is understood as the contact between the LiFePO4 particle
and carbon black (conductive glue) leads to formation of the electronic conductive
network with uniform distribution of carbon additive around the active material and
gives better discharge capacity.

Cyclic voltammograms of both types of cells are shown in Fig. 184.6. The cells
prepared from electrodes of conductive glue method showed very sharp oxidation
and reduction peaks confirming the reversibility of Li-ion insertion and extraction
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reactions when compared to the cells prepared from electrodes of conventional
method. This indicated that composite electrode made by conductive glue method
has higher electrochemical kinetics and proper uniform conductive network for-
mation in the composite.

In order to understand the electrochemical performance of the LiFePO4/C, AC
impedance measurement was carried out over the frequency range 100 kHz to
0.01 Hz with amplitude of 0.2 mV/s at room temperature for both methods at 100%
state of charge (SOC). An intercept at the Zreal axis in high frequency corresponding
to the ohmic resistance RX which represents the total resistance of the electrolyte,
separator and electrical contacts. Second semicircle in the middle frequency range
indicates the charge transfer resistance Rct. The inclined line in the lower frequency
represents the Warburg impedance, which is associated with Li-ion diffusion in the
LiFePO4 particles. Simplified equivalent circuit model is constructed to analyze the
impedance spectra and shown in Fig. 184.7 along with Nyquist plots. Table 184.1
shows the equivalent circuit parameters Rs(Ω), Rct and Warburg coefficients. The
cell prepared from electrodes of conductive glue method showed lower values of
Rs(Ω), Rct and Warburg impedance than the cells prepared from electrodes of
conventional method. Therefore, It is opined that the conductive glue method helps
in forming the electronic conductive network with uniform distribution of carbon
additive around the active material resulting in decrease of the ohmic and charge
transfer resistances in the LiFePO4/C cell, and showing enhancement in the kinetics
of lithium-ion diffusion and charge transfer reaction.

184.4 Conclusions

The Li-ion cells prepared from electrodes of conductive glue method exhibit higher
specific capacity, lower impedance, better reversibility and improved rate capability
compared to those made from conventional method. Hence it is opined that con-
ductive glue electrode slurry preparation method helps in forming the electronic
conductive network with uniform distribution of carbon additive around the active
material. This results in homogeneous mixing of electrode slurry which improves
electrode interface by having lower internal resistance and facilitates higher rate
discharges with less loss of cell capacity. This method provides good quality
coating electrodes and the performance of cells prepared using these electrodes
offer higher specific capacity and better electrochemical kinetics.

Table 184.1 Equivalent circuit parameters of conventional and conductive glue methods

Circuit parameters Conventional Conductive

Rs (X) 3.64 2.87

Rct (X) 145 54

W Xsqrt (Hz)−1 0.07 0.01
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Chapter 185
Growth of Beta Phase Gallium Oxide
Nanostructures on Sapphire Substrate
by Chemical Vapour Deposition

Thangaraj Rajesh, Ganapathy Sasikala, Subramanian Sumathi
and Subramanian Suguna

Abstract In the present research work growth of gallium oxide nanostructures on
sapphire substrates using chemical vapour deposition method at different growth
time intervals is reported. A thin layer of nickel was initially sputtered on the sapphire
substrates, which act as the catalyst to assist the growth. Gallium metal and water
vapour were used as the precursors in the presence of nitrogen carrier gas. As grown
samples were characterized to observe the changes in their structural, optical and
morphological properties by Powder X-Ray Diffraction (XRD), Diffused Reflectance
Spectroscopy (DRS) and Scanning Electron Microscopy (SEM) respectively. XRD
results were matched with previously reported studies confirming the formation of
single phase b-Ga2O3. The bandgaps were calculated, its shows the value from 4.55
eV to 4.66 eV. SEM images show the formation of nano-sheet and wires. EDX and
elemental mapping revealed that growth was uniform over the sample.

185.1 Introduction

One and two dimensional (1D & 2D) semiconductor nanostructures like nanowires,
nanotubes, nanobelts and nanosheets have taken much attention of the researchers
due to its potential device applications [1, 2]. Due to the wide bandgap value, good
luminescence property, chemically and thermally stable nature at very high tem-
perature (1800 °C) has made beta-gallium oxide (b-Ga2O3) an ideal candidate in
many applications including transparent conducting oxide (TCO), flat panel dis-
play, solar cells, ultraviolet limiters, high temperature gas sensors, optical emitters
and antireflection coatings. Hence, nanostructures grown from these materials
possess unique electrical, mechanical and optical properties [3–5].
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In the present work, the growth of b-Ga2O3 of 1-D nanowires and 2-D nanos-
tructures were grown using Chemical Vapour Deposition method and results are
discussed. A thin layer of nickel was initially sputtered on the sapphire substrates,
which act as the catalyst to grow gallium oxide nanostructures. Gallium metal and
water vapour were used as the precursors of Gallium and Oxygen in the presence of
nitrogen carrier gas to synthesis the gallium oxide nanostructures. The structural,
morphological and optical properties of the grown nanostructures were investigated
by X-ray diffraction (XRD), scanning electron microscope (SEM), elemental
composition analysis and mapping by energy dispersive X-ray spectroscopy
(EDS) and Diffuse Reflectance Spectroscopy (DRS) respectively.

185.2 Experimental Details

Gallium metal (Alfa Aesar, 99.9999%) was used as the gallium source for the
growth of Ga2O3 nanostructures. Nickel thin film of 20 nm was deposited on the
cleaned sapphire substrate (10 mm � 10 mm) at 10– 5 Torr by Plasma CVD sys-
tem. Then the sample was loaded inside the growth CVD system and samples were
annealed at 900 °C for 1 h before starting the Ga2O3 growth.

Small amount of Gallium (500 mg) was placed at the center of alumina boat and
Ni coated annealed sapphire substrate placed 150 mm distance away from the
source. The total systems were loaded in the center of quartz tube with the diameter
of 25 and 1000 mm length. The whole set up was placed inside the tubular furnace.
150 SCCM of nitrogen carrier gas were used to carry the H2O vapor into the quartz
tube. The system temperature was raised at the rate of 5 °C per min to reach 900 °
C. Three different samples were grown at 900 °C for 30, 60 and 90 min, keeping all
other parameters same. After completing the process the system was cooled down
to room temperature.

185.3 Result and Discussion

185.3.1 Morphological Characterization

The morphology observation, composition analysis and elemental mapping of the
30 min, 60 min and 90 min samples were carried out by SEM with EDX.
Figure 185.1a shows the morphology of 30 min sample depict that the nanos-
tructure growth at a beginning stage. Figure 185.1b represents the images of 60 min
samples shows large quantity of monoclinic b-Ga2O3 nanostructures like nanosh-
eets, nanoribbons and very fine nanowires were grown on the Sapphire substrate.
Figure 185.1c indicates that the 90 min. samples consist of a large quantity of
wire-like nanostructures with typical lengths in the range of several tens to several
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hundreds of micrometers. These b-Ga2O3 nanowires cross each other and are
randomly distributed on the substrate surface. The growth mechanism of b-Ga2O3

nanostructures were reported by Sudheer Kumar [1], Xu Xiang [4], Jangir [5]. They
suggested both vapor-liquid-solid (VLS) and vapor-solid (VS) mechanism were
involved to growth of b-Ga2O3 nanostructures. By comparing these mechanisms
with our SEM images (Fig. 185.1a–c), growth obtained can be considered as a
combination of VLS and VS mechanisms. The chemical composition of b-Ga2O3

nanostructures were studied by the EDX elemental mapping.

Fig. 185.1 a–c SEM images of the samples grown at different deposition time of 30, 60 and
90 min. d–f Elemental mapping for the samples grown at 30, 60 and 90 min
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Figure 185.1d–f shows the EDX elemental mapping of Ga, O and Ni.
Figure 185.2a–c represents the elemental composition of the as-grown b-Ga2O3

nanostructures by EDXS. In the EDXS spectra confirmed three major elemental
peaks like Ga, O and Ni in the grown samples. The gold / Palladium (Au/Pd) peak
available in EDXS pattern is due to Au/Pd coating given to get SEM image and Al
element are also observed from sapphire substrate.

185.3.2 Structural Analysis

Figure 185.3a shows the XRD pattern of b-Ga2O3 nanostructures grown on sap-
phire substrate with Ni catalyst at 900 °C for 30, 60 and 90 min using CVD
technique. All the peaks were indexed and are in good agreement with the reported
JCPDS card no. 41-1103 for monoclinic crystalline b-Ga2O3 having lattice con-
stants a = 12.23 Å, b = 3.04 Å, c = 5.80 Å, a = c =90°, b= 103.70° and its space
group is identified as C2/m. No other phases and impurity were observed in the
grown samples.

Fig. 185.2 a–c EDXS spectrum of b-Ga2O3 nanostructures showing actual quantity of elements
and atomic percentage of Ga, O, and Ni, respectively
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Three major intense diffraction peaks located for the samples grown at 30, 60
and 90 min were located at 31.75°, 35.30° and 38.48°, correspond to ( 0 0 2 ),
( 1 1 1 ) and (�3 1 1 ) crystal planes respectively. The 30 min sample shows
the less diffraction intensity peaks because of b-Ga2O3 nanostructure growth were
at an initial stage and a high intense peak located at 41.82° belongs to sapphire
substrate.

185.3.3 Optical Properties

The optical properties of b-Ga2O3 nanostructures were measured using Diffuse
Reflectance Spectroscopy (DRS). For band gap determination, a plot between [F(R)
hm]2 versus photon energy (hm) for b-Ga2O3 nanostructures for the samples 30, 60
and 90 min are shown in Fig. 185.3b. Band-gap (Eg) was estimated by translating
reflectance curve from DRS to Kubelka—Munk (K-M) function F(R) and then
correlating Eg with K-M function F(R) by well-known equation [6].

Fig. 185.3 a XRD pattern of
as grown b-Ga2O3

nanostructures on sapphire
substrates. b A plot between
[F(R) hm]2 vs photon energy
(hm) for b-Ga2O3

nanostructures where
band-gap (Eg) was estimated
by Kubelka-Munk (K-M)
function F(R)
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F Rð Þhm½ �2¼ C2 hm� Eg
� �

where C2 is a constant. The estimated bandgap value of b-Ga2O3 is reported
between 4.2 and 4.8 eV [2, 7]. The bandgap of b-Ga2O3 nanostructures were found
to be 4.62, 4.66 and 4.55 eV for 30, 60 and 90 min respectively.

185.4 Conclusion

We have successfully grown b-Ga2O3 nanostructures via thermal CVD using Ga
metal and vapor in the presence of Ni catalyst on the Sapphire substrate at 900 °C.
The crystalline quality of b-Ga2O3 nanostructures improved with the increase in the
deposition time. This nanostructures like nanosheets, nanoribbons and nanowires
were single crystalline with monoclinic crystal structure as studied by
Powder XRD. EDXS-elemental mapping confirmed that as-grown nanostructures
were mainly of Ga and O elements. The growth mechanism of Ga2O3 nanostruc-
tures may be observed as a combination of VLS and VS mechanisms. The bandgap
of nanostructures were found to be 4.55–4.66 eV. These observations will make
beta gallium oxide nanostructures a potential candidate to fabricate nanofunctional
devices.
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Chapter 186
Light Emitting Diode and UV
Photodetector Characteristics
of Solution Processed n-ZnO Nanorods/
p-Si Heterostructures

Chandni Kumari and Ambesh Dixit

Abstract n-ZnO nanorod/p-si hetrojunction diode is synthesized using a simple
chemical solution method on p-type silicon substrates for light emitting diode
applications. The grown ZnO nanorods showed highly textured hexagonal crys-
tallographic phase along c-axis. An intense band to band photoluminescence peak is
observed at 377 nm in conjunction with the weak deep-level emissions in visible
region centred at 500 nm. The current–voltage measurements show diode-like
characteristics. The work will also discuss the emission response with bias field for
these solution processed n-ZnO/p-Si heterostructures under dark and UV conditions
in the context of possible UV photo-response and light emitting diode applications.

186.1 Introduction

ZnO is a wide bandgap *3.37 eV II–VI compound semiconductor. The large
bandgap makes it an ideal candidate for ultraviolet (UV) optoelectronic applications.
In addition, ZnO exciton binding energy *60 meV is much larger than that of other
wide band gap semiconductor and also to the room temperature thermal energy
(25 meV). These robust electronic properties make ZnO a suitable choice for UV
light-emitting material with low stimulated emitting threshold intensity
[1–4]. The development of homojunction ZnO based LEDs, both n-and p-type ZnO
materials are needed and the synthesis of p-type ZnO is relatively difficult because of
the presence of several unavoidable intrinsic defects such as zinc interstitials and
oxygen vacancies, whichmay compensate the effective acceptors [5, 6]. Also, the low
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carrier concentration and mobility of holes greatly limit the light-emitting efficiency
[7, 8] and impede the development of ZnO-based opto-electronic devices. Thus,
heterojunction based ZnO light emitting diode (LED) is an alternative to overcome
such issues. Silicon substrates arewidely available and relatively cheaper as compared
to the other substrates (i.e. GaAs, SiC). The commonly adopted silicon fabrication
process technologies also provide the easy integration of silicon into the optoelec-
tronic devices.

In this work, we present the synthesis of n-type ZnO nanorods on p-type Si
substrates by using a simple solution method to realize the n-ZnO/p-Si hetero-
junction diodes. The work will discuss the structural, microstructural, optical and
electronic properties of the fabricated structures in conjunction with the field
assisted emission properties as well as the response under dark and UV condition
for the fabricated devices.

186.2 Experiment

A (100) p-type Si wafer of size 1 cm � 1 cm is used for ZnO nanorod deposition
by using a simple hydrothermal method. The substrate is first cleaned in acetone,
IPA and DI water sequentially by ultrasonicating for 15 min. The cleaned Si
substrate is etched in 10% HF aqueous solution for 1 min to eliminate the natural
oxide layer, followed by cleaning with deionized water. A seed layer of around
70 nm was deposited on the substrate by spin coating the zinc oxide sol consisting
of 10 mM zinc acetate dihydrate and ethanolamine in Isopropyle alcohol (IPA). The
gel was kept ar room temperature for 24 h for ageing. The gel was spin coated on
the substrate at 3000 rpm for 30 s and subsequently heated on a hot plate for 5 min
at 300 °C. The process was repeated 5 times to get the desired thickness. Finally the
substrate was heated at 400 °C for 3 h to get the uniform crystalline seed layer.
Further, to deposited the nanorods on the seeded substrate, equimolar (25 mM)
solution of zinc nitrate hexahydrate (Zn(NO3)2 6H2O) and methenamine (C6H12N4)
was prepared in DI water and stirred for 1 h at normal ambient conditions. Further,
the seeded silicon substrate is kept upside down in this solution at 93 °C for 6 h to
realize the synthesis of ZnO nanorods. Finally, Si substrates with ZnO nanorods are
removed and washed with deionized water several times to remove any residual
salts or amine complexes and heated at 450 °C for 2 h in air.

The structural characterization is carried out using X-ray diffraction (XRD) and
surface morphology using the scanning electron microscopic (SEM) measurements.
The elemental composition of synthesized NRs is analysed with the help of an
energy-dispersive X-ray (EDX) spectroscopic measurements. The photolumines-
cence measurement is recorded using a 325 nm excitation wavelength He–Cd laser.
Silver circular contacts are used as top and bottom electrode for electrical mea-
surements which was carried out using autolab electrochemical work station.
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186.3 Results

186.3.1 Structural Properties

The XRD pattern of deposited ZnO nanorod is shown in Fig. 186.1. The ZnO
nanorods exhibit polycrystalline structure; however, it is clear that they have a
strong c-axis (002) preferential orientation. In addition to other weak growth
direction, intensity of (002) direction is considerably high indicating good structural
quality. The pattern suggests the hexagonal wurzite structure (ICDD #. 036-1451)
for deposited ZnO nanorods with preferred c-axis orientation without any additional
impurity. SEM micorgraph shown in Fig. 186.2 substantiates that ZnO nanorods
are highly oriented and uniformly distributed with an average diameter around
120 ± 5 nm. The planar view reveals that ZnO NRs grow with a hexagonal shape.

Fig. 186.1 X-ray
diffractogram of ZnO
nanorods

Fig. 186.2 Top view of ZnO
nanorods
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The EDX measurement suggests that the deposited ZnO nanorods are nearly sto-
ichiometric with atomic fractions *49 ± 5% and *51 ± 5% for Zn and O,
respectively.

186.3.2 Optical Properties

The photoluminescence measurement is performed at room temperature to inves-
tigate the optical properties of the nanorods and is shown in Fig. 186.3. The ZnO
nanorods show an intense near-band-edge (NBE) emission centred at 377 nm
(3.29 eV) in conjunction with a weak broad deep-level emission (DLE) in visible
range. Generally, NBE emission is attributed to the radiative recombination of free
and bound excitons [9–11] and DLE results from the radiative recombination
through the deep-level defects [12]. The ratio of NBE to DLE is 75.3, suggesting
relatively good optical quality of the synthesized ZnO nanorods. To understand the
color of light emitted by the nanorods, CIE 1931 color calculator is used. The color
calculator showed that the emitted light’s corodinates are near to light blue region
which is shown in Fig. 186.4.

186.3.3 Current–Voltage Characteristics

The silver contacts are made on both n-ZnO and p-Si for electrical characterization
which is shown in the inset of Fig. 186.5. The current–voltage (I–V) measurements
are performed under dark and UV light under DC bias conditions and are shown in
Fig. 186.5. The p–n heterostructure consisting of the n-ZnO/p-Si behaves like a
rectifying diode, showing the current increase under forward bias with turn-on
voltage at *1.1 V and blocking of the current flow under reverse bias with

Fig. 186.3 Photoluminescence of ZnO nanorods
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negligible current *1 µA. This behavior shows that the p–n heterojunction has
been formed between p-Si and n-ZnO. Under UV light, the current enhanced which
shows the UV sensing behavior of ZnO. The color of the device under dark and UV
conditions are shown in Fig. 186.6. The device showed blue color under UV light
which is in agreement with the result obtained from color calculator.

Fig. 186.4 Color
co-ordinates of nanorods

Fig. 186.5 I–V curve for
n-ZnO nanorods/p-Si
heterojunction
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186.4 Conclusion

n-ZnO nanords/p-Si heterostructure devices are fabricated using solution process.
The XRD pattern of the film showed a proffered c-axis orientation without any
impurity peak. SEM image showed uniformly distributed nanorods of diame-
ter *120 nm. The synthesized structure exhibit the robust NBE emission in con-
junction with DLE emission, suggesting the potential for optical device
applications, especially light emitting diodes. The PL spectra combined with color
spectrum showed that the coordinates of the emitted light falls near the light blue
region. I–V characteristic of the heterojunction showed a diode like characteristics
with increased current under UV illumination. The color of the sample changed
from dark black to light blue under the UV light. The change in color of the sample
substantiates the UV photo diode behaviour of the junction; however electrolu-
minescence study is required to further prove LED properties.
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Chapter 187
Band Gap Engineering of CdTe
Quantum Dots by Hg Alloying
in Infrared Region

Anurag Sahu, Shay Tirosh, Arie Zaban, Kirankumar Hiremath
and Ambesh Dixit

Abstract We synthesized Hg alloyed CdTe quantum dots (Cd1−xHgxTe) using
hydrothermal route. N-acetyl-cysteine is used as the capping agent for water dis-
persed Cd1−xHgxTe (x = 0, 0.05, 0.1 and 0.5) quantum dots. The diameter of the
synthesized quantum dots is 3.8 ± 0.5 nm, as estimated from high resolution
transmission electron micrographs. The mercury molar fraction modified band gap
engineering is demonstrated with band gap changing from 2.5 eV for CdTe
quantum dots to 1.25 eV for Cd0.5Hg0.5Te.

187.1 Introduction

Quantum Dots (QDs) are exciting zero dimensional (0D) materials showing
important physical properties, useful for different applications including transparent
display [1], sensors [2] and solar photovoltaics [3] etc. The quantum confinement in
such nanostructured systems affects various physical properties such as band gap,
optical, magnetic and mechanical properties of these small systems [4]. The small
band gap quantum dots can also be very useful for infrared detection, for example,
quantum dots with band gap ranging in the infrared (IR) can be used as near/far IR
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detectors [5]. The wide band gap of CdTe QDs *2.5 eV can be tailored by
alloying with Hg i.e. synthesizing Cd1−xHgxTe QDs for different x values with their
band gap lying in the infrared region. These quantum dots may be suitable for
infrared detection application [6]. The present study aims to tailor the optical/
electronic properties of CdTe QDs by alloying mercury at Cd site i.e. Cd1−xHgxTe
and intensive investigation of structural and physical properties are carried out to
understand the structure—property correlation.

187.2 Experiments

Cd1−xHgxTe colloidal water soluble quantum dots are prepared using hydrothermal
route. 15 mM solution of cadmium chloride precursor is prepared in a three neck
flask using deionized (DI) water as a solvent under nitrogen (N2) environment. The
continuous nitrogen flow is maintained during the experiment to remove any
residual oxygen from cadmium precursor solution. N acetyl cysteine (NAC) is
added as the capping agent in cadmium solution by maintaining 1:2.5 molar ratios
between cadmium chloride and NAC. The alloying of mercury is achieved by
adding 5, 10 and 50% mole fraction of mercury chloride (HgCl2) in cadmium
chloride precursor solution. The pH of cadmium precursor solution is adjusted to
eight using 1 M sodium hydroxide (NaOH) solution. Simultaneously, tellurium is
dissolved separately in DI water using sodium borohydride (NaBH4) as the
reducing agent under continuous N2 flow at 65 °C in a three neck flask. This turned
into purple color, suggesting the formation of NaHTe. The dissolved Te precursor is
injected slowly into the cadmium precursor under N2 environment. The resulting
mixture is placed in an autoclave at 160 °C for 30 min to realize the synthesis of
desired quantum dots. Quantum dot solution is centrifuged with excess methanol
and re-dispersed in water several times to remove the excess capping agent. These
prepared quantum dots are finally dispersed in DI water and used for further
characterization.

187.3 Result and Discussion

The absorbance spectra are recorded using Cary UV-Vis-NIR spectrophotometer
for Cd1−xHgxTe quantum dots and are plotted in Fig. 187.1a with respective
absorption peaks for different Hg alloyed CdTe quantum dots. The representative
fluorescence spectrum for Cd0.95Hg0.05Te QDs is shown in Fig. 187.1b with
respective absorption data, measured using Perking Elmer emission spectrometer.
The emission spectra are beyond the spectrometer detection range for higher Hg
fraction based CdTe quantum dots and that’s why not shown here. The band gap
edge for pure CdTe is centered near 2.5 eV, as shown in Fig. 187.1a and showed
red shift with bad gap edges *1.8 and 1.25 eV for 5% (Cd0.95Hg0.05Te) and 50%
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Hg doped CdTe (Cd0.5Hg0.5Te) QDs. The absorbance peak is absent till 1400 nm
and beyond 1400 nm the absorbance of water starts dominating, making it difficult
to measure the effective absorbance for respective quantum dots. The geometrical
size of the quantum dots is measured using high resolution transmission electron
microscope (HRTEM) and is shown in Fig. 187.1c for Cd0.95Hg0.05Te QDs.
The HRTEM images of QDs are marked with white circles, Fig. 187.1c, and used
to estimate the geometrical size using image J software [7]. The measured size is
*3.8 ± 0.5 nm with 3.7 Å d-space for Cd0.95Hg0.05Te, which correspond to the
cubic (111) lattice spacing and consistent with reported literature [8].
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Fig. 187.1 a Absorbance spectra for synthesized Cd1−xHgxTe QDs; x = 0, 0.05, 0.1 and 0.5;
b absorbance and emission and c high resolution transmission electron microscopy (HRTEM)
image for representative Cd0.95Hg0.05Te QDs
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187.4 Conclusion

Hg alloyed CdTe Cd1−xHgxTe (x = 0, 0.05, 0.1 and 0.5) are synthesized using
hydrothermal route. The optical absorbance and emission measurements suggest the
red shift for Hg alloying with band edge 2.5 eV for CdTe to 1.25 eV for
Cd0.95Hg0.05Te QDs for average 3.8 ± 0.5 nm diameter.

Acknowledgements Authors acknowledge DST for financial assistance through project DST/
INT/ISR/P-12/2014.
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Chapter 188
Photoelectrochemical Study of TiO2/CdS
Heterostructure Thin Films Prepared
via rf Sputtering

Nisha Kodan, Aadesh P. Singh, Dipika Sharma and B. R. Mehta

Abstract In the present investigation TiO2, CdS and TiO2/CdS heterostructure thin
films have been deposited on the indium doped tin oxide substrates (In: SnO2; ITO)
by rf magnetron sputtering technique. A further study has been made for structural,
optical and photoelectrochemical (PEC) properties of TiO2, CdS and TiO2/CdS
heterostructure system. PEC behaviour of TiO2/CdS heterostructure thin film was
studied and compared with TiO2 and CdS pristine thin film photoelectrodes.
Enhanced photocurrent density of 0.36 mA/cm2 was observed in TiO2/CdS
heterostructure thin films as compared to pristine TiO2(0.18 mA/cm2) and CdS
(35 lA/cm2) at an applied bias of 0.23 V versus Ag/AgCl in 0.5 M Na2SO4

(pH = 7) electrolyte. This work provides promising methods to enhance the PEC
water oxidation performance of the TiO2-based heterostructure photoanodes.

188.1 Introduction

Splitting water with the help of sunlight is a promising route for hydrogen gener-
ation. For photoelectrochemical (PEC) water splitting, the optoelectronic properties
of the semiconductor are thus of utmost importance [1]. Cadmium sulfide (CdS) is
II-VI compound semiconductor having direct band gap of 2.42 eV. It can exist in
two phases: hexagonal (wurtzite) and cubic (zinc blend) [2]. Titanium dioxide
(TiO2) has been one of the most attractive materials for PEC application because of
its high photoactivity and low cost as well as excellent chemical stability [3].
However, because of its large band gap (� 3.2 eV), TiO2 can only harvest the UV
light which takes only 4–5% of sunlight, resulting in low energy conversion effi-
ciency. Various strategies have been taken to improve its visible light activity. One
way is through sensitizing TiO2 with narrow band-gap semiconductors such as CdS
[4]. Therefore, constructing TiO2/CdS heterostructured photoanode cannot only
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enhance the carrier separation performance in TiO2 but also effectively extend the
light absorption range of TiO2. It is important to use heterojunction that enable
efficient light harvesting and photogenerated carrier separation. Therefore, use of
TiO2/CdS heterojunction may have several advantages for photoelectrochemical
applications.

In this study structural, optical and PEC properties of TiO2, CdS and TiO2/CdS
samples have been studied. We have been able to demonstrate that heterostructure
result in enhanced absorption of visible light energy and improved charge sepa-
ration at the interface.

188.2 Experimental Method

Thin films of TiO2, CdS and TiO2/CdS were deposited onto indium-doped tin oxide
(ITO) substrates by rf-magnetron sputtering at an applied rf-power of 75 W and
80 W for TiO2 and CdS, respectively at substrate temperature of 300 °C. The
deposition time was 1 h for TiO2 and 30 min for CdS thin film samples
respectively.

Thin films were analyzed by X-ray diffractometer (XRD, PANalytical X’pert Pro
model) with CuKa radiation (k = 1.54 Å) at 45 kV and 40 mA in 2h range from
20° to 60°, Raman spectroscopy with argon ion laser (k = 14 nm) in the range of
100–1000 nm with Horiba Scientific LabRAM HR Evolution Raman spectrometer,
UV-Visible spectroscopy in range of 300–900 nm (Perkin Elmer Lambda 35
UV-Vis spectrophotometer). For photoelectrochemical and electrochemical impe-
dance spectroscopy (EIS) measurements, three-electrode PEC cell using TiO2, CdS
and TiO2/CdS thin films as the working electrode, Pt as the counter electrode and
Ag/AgCl as the reference electrode in a 0.5 M Na2SO4 electrolyte (pH = 7). The
photoelectrochemical cell was controlled using AutoLab PEC workstation with
nova software. For PEC measurements, linear sweep voltammetry scans under dark
and illumination were carried out in the potential range of −1.0 to +1.0 V versus
Ag/AgCl with a scan rate of 20 mVs−1. The illumination source was 150 W xenon
lamp fitted with AM1.5 filter (output illumination intensity = 100 mW/cm2).

188.3 Results

The crystal structure of prepared thin films was investigated by XRD and Raman.
Figure 188.1a shows the XRD pattern of TiO2, CdS and TiO2/CdS thin film
samples. The dominant diffraction peak with 2h values of 25.6 corresponding to
(101) plane shows anatase phase for TiO2. On the other hand, peaks at 26.5°, 28.2°,
47.9° and 54.7° corresponds to (002), (101), (103) and (004) planes indicate the
presence of wurtzite phase of CdS. We conclude that the 3D structural framework
of CdS (hexagonal wurtzite) and TiO2 (anatase) thin film samples is retained in
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heterostructure TiO2/CdS samples. Raman spectra (inset of Fig. 188.1b) shows
strong peaks at 143, 399, 596, 638 cm−1 which corresponds to anatase phase of
TiO2 and peaks at 299.4(1LO), 385, 598(2LO) and 894.5(3LO) cm−1 are consistent
with hexagonal wurtzite phase of CdS as shown in Fig. 188.1b.

Fig. 188.1 XRD (a) and Raman (b) of TiO2, CdS and TiO2/CdS thin films

Fig. 188.2 Absorbance (a) and transmittance (b) of TiO2, CdS and TiO2/CdS and Tauc’s plot
(c) of TiO2/CdS films
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The optical properties of prepared thin films have been investigated using
UV-Vis spectroscopy. Tauc’s plot was obtained using transmittance data.

We have observed enhanced visible light absorption in heterostructure TiO2/CdS
thin films and a two bandedges in Tauc’s plot corresponding to TiO2 (3.2 eV) and
CdS (2.4 eV) as shown in Fig. 188.2c.

The photocurrent density plot shows a higher photocurrent response of 0.36 mA/
cm2 in TiO2/CdS heterostructure thin films as compared to TiO2 (0.18 mA/cm2)
and CdS (35 lA/cm2) pristine thin films at 0.23 V versus Ag/AgCl as shown in
Fig. 188.3a. Charge carrier density and flat band potential were investigated using
Mott-Schottky plot. We obtained more negative flat band potential in TiO2/CdS
(−0.86 V) as compared to pristine TiO2 (−0.73 V) thin film samples as shown in
Fig. 188.3b.

188.4 Conclusion

This study shows improvements in photoelectrochemical response of TiO2/CdS
heterostructure thin films which are due to improved optical absorption, higher
charge carrier density, more negative flat band potential and efficient photogener-
ated electron–hole separation.

Acknowledgements N. K. is grateful to MHRD and Industrial Research (CSIR) for awarding
junior research fellowship.

Fig. 188.3 Photocurrent density plot (a) and Mott-schottky (b) of TiO2, CdS and TiO2/CdS thin
films
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Chapter 189
Modeling & Simulation of Thermal
Evaporated CdTe Thin Film

Shailendra Kumar Gaur, Ajay Kumar Saini, Vijay Singh Meena
and B. L. Sharma

Abstract The paper represent the modeling of CdTe deposited thin film by thermal
evaporation by computing the film thickness, mass transfer rate and heat flux using
time dependent model with Backward Differentiation Formula (BDF) solver. CdTe
film deposited by resistively heated evaporator source at a temperature of 723 K by
vacuum evaporation method. The film thickness varies between 205 and 235 Å
across the sample. So maximum variation observed in simulation is 14%. The total
incident molecular flux is more than 1.8 � 1017 (1/m2 s) which depends upon the
source evaporation temperature corresponding to vapor pressure. The mass transfer
rate is 1.906 � 10−8 kg/s and total outward heat flux from source 1.71855 W s.

189.1 Introduction

CdTe thin film solar cells have potential for space applications. Polycrystalline thin
film solar cells of CdTe are potentially important because of their low cost, high
efficiency and stable performance. Romeo et al. [1] discussed the radiation tolerance
of 10–12% efficiency CdTe solar cells with high-energy protons of different energy
(5–15 meV) and fluence (1011 cm−2 to 1013 cm−2). Marjani et al. [2] discussed high
efficiency ultrathin CdTe solar cell for nano-area applications with new structure of
CdS/CdTe solar cell by rotating 90° in the base line structure. Rossetto et al. [3]
investigated the CdTe detector for small animal PET applications. A set of two
ASICs presented for high resolution CdTe PET detector, one for analog signal
processing and another for acquisition. Guo and Vasileska [4] developed fast 1D
time dependent/steady state drift-diffusion simulator, accelerated by adaptive
non-uniform mesh and automatic time step control, modeling CdTe/CdS solar cell.
Hemenway et al. [5] created model for CdTe/CdS deposition process by incorpo-
rating fluid mechanics, heat transfer and chemical theory into a comprehensive
computational simulation. Nardone and Albin [6] did time dependent numerical
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modeling and experimental study to investigate two degradation mechanisms in
CdTe solar cells: (a) the formation of defects caused by the presence of excess
charge carriers and reactant defect in the main junction region (b) increase in back
carrier height. Burgelman et al. [7] discussed few one-dimensional numerical
programs, readily available to the PV research community, which have been used
for numerical simulation work in thin-film solar cells of various types: AMPS,
SCAPS, ASA, PCID. Ullal and von Roedern [8] discussed the thin-film CIGS and
CdTe photovoltaic technologies including commercialization, critical issues and
applications. Sabaghi et al. [9] discussed the optimization of high efficiency CdS/
CdTe thin film solar cell using step doping grading and thickness of the absorption
layer. Guo and Vasileska [10] created diffusion reaction model for Cu’s role in light
soaking effect in CdTe solar cells. Major [11] discussed the role of the chemical
composition of grain broundaries as well as growth process. Pandey and Kumar
[12] studied the performance of CdTe solar cell by SCAPS software for carrier
density, absorber layer, working temperature and CdZnS buffer layer thickness.
Fardi and Buny [13] discussed the characterization and modeling of CdS/CdTe
heterojunction thin-film solar cell for high efficiency performance.

189.2 Model Description

Flow regimes are categorized quantitatively via the Knudsen number (Kn), which
represents the ratio of the molecular mean free path to the flow geometry size for
gases. When Kn > 10 the flow is free molecular flow and can be modeled under
free molecular flow module by using time dependent BDF solver. To achieve
Kn > 10 we require vacuum of the order of 10−6 mbar. Model geometry includes
the substrate one quarter of a 4″ wafer in size. Table 189.1 shows the various input
parameters required in modeling to compute the molecular flow in vacuum system.

The molecular flow modeling is designed to offer previously unavailable sim-
ulation capabilities for the accurate modeling of low pressure, low velocity gas
flows in complex geometries and it is faster than direct simulation Monte Carlo
method. It is ideal for the simulation of vacuum systems including those used in
semiconductor processing, particle accelerators and mass spectrometers.

Table 189.1 Input parameters for modeling

Name Expression Value Description

Tamb 293.15 K 293.2 K Ambient temperature

Tevap 723 K 723 K Evaporation temperature

pvap 0.6158 Pa 0.6158 Pa Vapor pressure of CdTe

Mn0 240.0 g/mol 0.240 kg/mol Molecular weight of CdTe

Rho0 4.85 g/cm3 4.85E3 kg/m3 Density of CdTe
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189.3 Results

Figure 189.1 shows the incident molecular flux onto the substrate surface
depending mainly upon the evaporation temperature and is found to be more than
1.8 � 10 17 (1/m 2 s). This molecular flux is responsible for the film thickness and
mass deposited on the substrate surface.

Figure 189.2 shows the film thickness on the surfaces of the system based on the
computation of total CdTe incident molecular flux. Figure 189.3 shows that the film
thickness varies from 205 to 235 Å across the substrate surface with radial sym-
metry about the midpoint of the source.

Figure 189.4 shows the variation of film thickness with time from which it is
evident that film thickness increases linearly with time. Thus it can be inferred that
molecular flux arriving at given point on the substrate surface is constant with time
during deposition.

Figure 189.5 shows the mass transfer rate of CdTe which depends upon the flux
computed earlier. This rate is constant and found to be 1.9060 � 10−8 kg/s.
Figure 189.6 shows the outward heat flux on source that flows into the solid walls
of the vacuum chamber and which is found to be −1.71855 W s. The −ve sign is
due to the fact that it given away from the source.

Fig. 189.1 Total incident molecular flux on substrate
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Fig. 189.2 Film thickness on the surfaces of the system

Fig. 189.3 Film thickness deposited on substrate
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Fig. 189.4 Film thickness versus time on substrate

0.00E+00

5.00E-09

1.00E-08

1.50E-08

2.00E-08

2.50E-08

0 1000 2000

M
as

s t
ra

ns
fe

r (
kg

/s
)

Time (s)

Fig. 189.5 CdTe mass transfer rate on substrate

189 Modeling & Simulation of Thermal Evaporated … 1245



189.4 Conclusion

Thin film of CdTe deposited by thermal evaporation process modeled using time
dependent BDF solver and found that maximum film thickness deposited is 235 Å
at the centre of substrate and minimum film thickness deposited is 205 Å at
the outermost point of the substrate. So, maximum thickness variation across the
substrate is 14% in this case which is due to the large dimensions of substrate. The
mass transfer rate and heat flux is found to be 1.906 � 10−8 kg/s and −1.71855 W s
respectively.
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Chapter 190
Understanding the Optical, Electrical
and Photoelectrochemical Properties
of PbTiO3 Thin Films

Dipika Sharma, Rishibrind Kumar Upadhyay,
Nisha Kodan and B. R. Mehta

Abstract PbTiO3 thin films were synthesized using spin coating sol gel method
and sintered at three different temperatures. All the thin films sample were analysed
using XRD, scanning electron microscopy, Raman spectroscopy, UV-Vis spec-
troscopy analysis which shows that PbTiO3 films were having cubic crystal
structure with band gap value of 3.0 eV respectively. The photoelectrochemical
response was also observed in three electrode PEC cell. Photoanodic behaviour for
PbTiO3 films with highest photocurrent density of 1.2 mAcm−2 at 0.8 V/Ag/AgCl
for sample sintered at 650 °C was observed.

190.1 Introduction

In the quest of a suitable route for solar hydrogen generation to meet the future
energy needs, PEC water splitting is considered as one of the most promising
techniques for hydrogen generation [1, 2]. The research on optimization for PEC
water splitting using solar light is being carrying out for the last 40 years. The
ABO3-type perovskite materials such as BaZrO3, SrTiO3, BaTiO3 and PbTiO3 are
considered as promising materials as photo electrodes [3–6]. Till date, there are a
very few research articles on PbTiO3 as photoelectrode for photocatalytic appli-
cations. In the present study, we expected that PbTiO3 thin films would show
efficient photo-electrochemical response. With this idea, we report herein the
synthesis of PbTiO3 by a low cost spin coating method to investigate it photo-
electrochemical properties for splitting of water.
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190.2 Method

190.2.1 PbTiO3 Thin Film Preparation

PbTiO3 thin films were prepared on ITO substrate by spin coating method. The
stock solution containing of Lead acetate and titanium isopropoxide (TTIP) dis-
solved in 2-methoxyethanol. The full procedure for the deposition of PbTiO3

nanostructured films has been reported earlier [7]. Spin coating has been done at
2000 rpm for 20 s and first dried at 150 °C for 10 min before proceed to sintering
at high temperature range from 450 to 650 °C for 30 min. For investigating the
PEC response of the thin films 1/3 part of the ITO substrate was protected by
transparent tape to create the electrical contact to transform them into electrodes.
All the samples were transformed into electrodes using copper wire, silver paste and
epoxy (Hysol, Singapore) to use them as photoelectrode in Photoelectrochemical
cell. The illuminated area of the electrode was 1.2 cm2 for all the PbTiO3 thin film
samples.

190.3 Characterization Techniques

Raman spectra and SEM images of all the three samples were obtained by In via
Raman microscope with excitation using 514 nm Argon ion laser pulse, and field
emission scanning electron microscope (FE-SEM), (INCA Penta FET X3,
TESCAN) respectively. XRD and UV-visible absorption spectra has been taken
using UV-visible spectrophotometer (Perkin-Elmer Lambda 35) and Philip’s X’Pert
PRO-PW vertical system operating in reflection mode using Cu Ka
(k = 0.15,406 nm) radiation respectively. Photoresponse of the prepared PbTiO3

electrodes was also examined in photoelectrochemical cell in the presence of
UV-visible light source having output intensity of 100 mW/cm2 with Xenon lamp
of 150 W as source. Silver chloride electrode (Ag/AgCl) and platinum mesh
electrode were utilized as reference and counter electrode respectively. The PbTiO3

thin film prepared electrode samples with 1.2 cm2 contact area were used as
working electrode. I-V characteristics were taken using scanning potentiostat
(Autolab, Netherlands), under dark and light in the applied bias range of −1.0 to
+1.0 V at scan rate of 20 mV/s.

1250 D. Sharma et al.



190.4 Analysis of Results

190.4.1 Characterization

The phase of prepared PbTiO3 thin film sintered at 650 °C were analysed by XRD
and Raman microscope as displayed in Fig. 190.1a–b. X-ray diffraction and Raman
pattern reveals that the crystal phase of pristine PbTiO3 is cubic with diffraction
peaks at 2h = 37.6°, 45.16°, and 49.4° (JCPDS file No. 78-260142). Raman
spectral peaks obtained at 137, 194, 322, 418, 470 and 558 cm−1 also approve the
cubic phase of the sample. Both Raman and XRD results are in good agreement
with each other and confirm the cubic phase of PbTiO3 thin films. Thin films
sintered at 450 and 550 °C did not show any peak in XRD and Raman analysis
which may be due to lack of crystallinity and pure phase formation. SEM image of
the PbTiO3 thin film sintered at 650 °C as shown in Fig. 190.2a for PbTiO3 sintered
at 650 °C shows the uniform dense growth of small nanoparticles. Absorption
spectra obtained for all the samples were taken with respect to a reference substrate.
It can be seen from the absorption spectra that absorption edge moves near higher
wavelength value as the sintering temperature increases from 450 to 650 °C. All
samples show the absorption in UV region as shown in Fig. 190.2b.

190.4.2 Photoelectrochemical Measurements

PEC performance measurements for all samples were carried out in aqueous
electrolyte of 0.1 M NaOH (pH 13) shown in Fig. 190.3a–b. PEC measurements
indicate the n-type conductivity of all samples. Highest values of photocurrent
density was 1.2 mAcm−2 at 0.95 V/Ag/AgCl, observed for sample sintered at

Fig. 190.1 a, b XRD and Raman spectra for PbTiO3 sintered at 650 °C
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650 °C which may be due to its high crystallinity, purity and uniform deposition as
compared to samples sintered at 450 and 550 °C, also confirmed by XRD and
Raman results.

Figure 190.3(b) shows that no decrement in phtocurrent was observed for
sample sintered at 650 °C under applied potential of 0.95 V/SCE for 1200 s illu-
mination under UV-visible light source in 0.1 M NaOH aqueous electrolyte indi-
cated good photo stability. Observations were made under illumination clearly
show role of light in photocurrent generation and confirm the stability.

Fig. 190.2 a, b SEM image for PbTiO3 sintered at 650 °C and absorption for all the samples

Fig. 190.3 a, b PEC and photo-stability measurements
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190.4.3 Flat Band Potential Analysis

One of the important factor in determining the conductivity type of semiconductor
working electrode in photoelectrochemical cell is the flat-band potential of that
material. Mott-Schottky analysis has been carried out for the calculation of flatband,
Mott–Schottky equation is given below, which gives the semiconductor-electrolyte
interfacial capacitance with the applied voltage [8].

1
C2 ¼

2
qe0esN

� �
Vapp � Vfb � KT

q

� �

Analysis has been done to obtained capacitance (C) at the semiconductor/
electrolyte junction with changing electrode potentials at frequency of 1 kHz. 1/C2

versus applied voltage curves attained and analysed for PbTiO3 sample sintered at
650 °C shown in Figure 190.4. Unadulterated PbTiO3 displayed positive slopes,
and presenting n-type nature with negative flatband potential value of −0.41 V/Ag/
AgCl.

190.5 Conclusions

In summary, phase pure PbTiO3 thin film were successfully prepared using simple
spin coating method. It is shown that PbTiO3 phase can be used as photoelectrode
in PEC water splitting reaction. We demonstrated PbTiO3 photoresponse with good
photostability, achieving a maximum Photocurrent density of 1.2 mAcm−2 with
thickness of 110 nm for the first time. PbTiO3 film with band gap values in UV
range can potentially useful for heterojunction with low band gap material for PEC
application.

Fig. 190.4 Mott Schottky
plot for PbTiO3 sintered at
650 °C
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Chapter 191
Modulating Structural, Optical
and Electrical Properties of Zinc
Oxide by Aluminium Doping

Anita Singh and Vandna Luthra

Abstract Nano powders of un-doped and Aluminium doped Zinc Oxide (ZnO) has
been synthesized using a simple, cost-effective and scalable co-precipitation route.
The effect of aluminium (Al) doping has been studied. The developed materials
have been characterized using various analytical techniques such as X-Ray
diffraction (XRD), Transmission Electron Microscopy (TEM), Photoluminescence
(PL) and electrical characterization. XRD and TEM analysis confirms the synthesis
of the good crystalline hexagonal structure of ZnO material. PL spectra at room
temperature of undoped ZnO confirms UV emission peak at 385.4 nm accompanied
by a shift towards lower wavelengths with aluminium doping. I-V measurements
with temperature have been done on un-doped and Al doped ZnO. A significant
increase in room temperature dc conductivity observed for 1 mol% Al doped ZnO.
Activation energy found to be a function of temperature as well as of doping.

191.1 Introduction

Zinc oxide is one of the versatile materials well suited for various technological
applications due to its unique physical, structural and optical properties [1–5]. Its
use in a variety of applications is ever increasing which could be very well
attributed to the variation in its properties by various synthetic routes. Doping with
various different dopants has widened its scope of applications due to significant
changes in its physical and functional properties. Due to its unique properties, it is
under intensive investigation in both bulk and thin film forms. In spite of plethora of
work done, there is scope for its synthesis which could be adopted for large scale
production coupled with novel properties. Zinc oxide is an n-type semi-conductor
with a wide band gap (3.4–3.7 eV) [1]. It is excessively being used in electronics
and optoelectronic devices [2]. Recently ZnO nanoparticles have been extensively
studied because of size-dependent electronic and optical properties [6] which makes
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this material a potential candidate for optoelectronic applications in short wave-
length range (green, blue, UV) as it exhibits similar properties as GaN [7–9]. ZnO is
non-toxic, abundant and inexpensive [10, 11] and is one of the few oxides that
show quantum confinement effects in an experimentally accessible size range [5]. In
spite of extensive research using conventional ball-milling, need for scalable pro-
duction having novel properties has given thrust to other techniques, such as
synthesis of nano powders using sol-gel [12], co-precipitation route [13] and
planetary ball-milling route etc. [14]. All these methods of synthesis are aimed at
establishing a better structure-property correlation of physical and chemical prop-
erties as compared to conventional methods. The effect of sintering in conjunction
with doping can be used to tune the electrical conductivity of the material. The
developed material with good electrical conductivity could be used for gas sensing
applications [15], making targets for fabricating thin films using techniques such as
sputtering and PLD etc. Due to its simple structure, ZnO powder compacts reach
high density after being sintered at relatively low temperatures and no phase
transformation is observed at low temperatures [12]. A variety of dopants have been
studied on ZnO synthesized in bulk as well as thin films forms such as Sb-doped
ZnO [16, 17], Bi-doped ZnO [18], Ba doped ZnO [19], Mn doped ZnO [20], La
doped [21] and Al-doped ZnO [22–24]. ZnO nanoparticles can be prepared in
several ways. Co-precipitation method is relatively a simple, inexpensive reliable
and reproducible method involving mild conditions of synthesis. This method has
been reported to produce high quality doped zinc oxide powders [13]. This method
is useful as the experimental conditions such as temperature and pH etc. can be used
to control the particle size [25].

In the present investigation, the un-doped and aluminium doped (1, 3, 5, and
8 mol% of Zn) Zinc oxide nano powders have been synthesized using a simple wet
chemical method. The effect of doping has been studied on the evolution of
structural and electrical properties. X-Ray diffraction (XRD) was used to identify
the crystalline phase of the un-doped and Al-doped ZnO nano powders.
Transmission electron microscopy (TEM) was used to observe the change in
microstructure as a function of the Al-doping. The electrical conductivity as a
function of Al-doping has been used to establish structure-property correlation in
the system which could be well exploited for various applications.

191.2 Procedure

An alkali solution of Zinc was prepared by dissolving pre-determined amount of
zinc nitrate hexahydrate ((Zn(NO3)�6H2O), (AR grade, Merck) and sodium
hydroxide (NaOH) (AR grade, Merck) in deionized water to form a 100 ml solution
(Zn2+ = 0.5 M, OH− = 1.0 M). Initially zinc nitrate hexahydrate aqueous solution
(0.5 M) was heated to a temperature of 70 °C and then NaOH (1 M) was added
drop-wise to the previous solution within 30 min at a uniform rate with constant
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strong magnetic stirring. Aluminium nitrate nonahydrate (Al(NO3)�9H2O) used as
the doping source, was added to the solution to attain a required Zn: Al mol ratio in
the final ceramics as ZnO (PZ), ZnO0.99Al0.01 (ZA1), ZnO0.97Al0.03 (ZA3),
ZnO0.95Al0.05 (ZA5) and ZnO0.92Al0.08 (ZA8). After 2 h reaction, the white pre-
cipitate deposited at the bottom of the flask was collected and washed several times
with absolute ethanol and distilled water to remove un-desired materials. The
collected dried powder was calcined at 700 °C for 3 h in a muffle furnace. Finally,
the resulting pellets were sintered at 850 °C for 3 h. XRD of the samples were done
on Bruker D8 advanced diffractometer (Germany) using CuKa radiation. The effect
of doping by Aluminium on the morphology of ZnO was investigated by using
Transmission Electron Microscope (TEM) of TECNAI G2 T30 U-TWIN FEI
Company. The Photoluminescence (PL) spectra of ZnO nanoparticles has been
measured using Fluorolog Horiba JOBIN YVON spectrophotometer. For electrical
conductivity, pellets were coated on both the sides with conducting silver paste and
were measured using Keithley 2400 Electrometer. I-V measurements with tem-
perature were done using a homemade furnace from RT to 200 °C.

191.3 Results and Discussions

191.3.1 Structural Characterization

The structural characterization of the un-doped and Al-doped samples was carried
out using XRD. The XRD of the un-doped and doped samples sintered at a tem-
perature of 850 °C is shown in Fig. 191.1. The observed peaks for un-doped ZnO
are found to be in good agreement with the indexed peaks which are indexed as per
JCPDS-036-1451 card of ZnO. Un-doped ZnO pattern shows no additional peaks
and is indicative of the pure crystalline phase of ZnO possessing hexagonal wurtzite
structure. The effect of Al doping on phase evolution using XRD has been studied.
It is clear from these figures that there is no additional peak up to Al doping by
1 mol% of Zinc.

The figure shows appearance of very minute secondary phase at ZA3. These
have been marked distinctly in the figure. As the Al doping percentage increases,
the intensity of the secondary phase increases which becomes markedly apparent at
ZA5 and ZA8. The secondary phase has been recognized as ZnAl2O4 as per JCPDS
71-0968 card. The shift in 2h values has been studied in both bulk and thin films by
various workers [26–35]. In some cases, the shift to lower 2h has been observed due
to doping by the bigger ions such as Eu+3. It has been attributed to the lattice
mismatch, lattice distortion, strain of the crystal and the finite size effects. The shift
in the peak position gives evidence for the doping. A shift towards higher 2h values
has been observed for smaller ions such as Al+3. A shift towards higher 2h values is
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clearly evident from Fig. 191.2, however, at higher doping levels an increase in
(Full Wave Half Maximum) FWHM value is also evident which is indicative of a
decrease in crystallite size with Al doping.

Fig. 191.1 XRD of
un-doped and doped ZnO
sintered at 850 °C. The onset
of the secondary phase is
shown with * marks

Fig. 191.2 The 002 peak is
plotted for un-doped and
doped samples
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191.3.2 X-Ray Diffraction (XRD)

The effect on doping on the phase evolution has been studied which is further
correlated with the changes in electrical conductivity of the samples in the later
section. The addition of aluminium is well compensated within the wurtzite
structure at ZA1. The onset of a secondary phase is visible at ZA3. The Scherer’s
formula is used to calculate the crystallite size according to the formula

Crystallite Size ðDÞ ¼ 0:94k=b cos h ð191:1Þ

where k is the wavelength of incident X-Ray (k = 1.5418 Å), b is the Full width at
half maximum intensity, in radians, of maximum peak (101), and h is the angle at
which the maximum peak occurs.

The crystallite size is calculated as per (191.1). The crystallite size is estimated to
be 50 nm for the calcined samples. The effect of doping on the FWHM has been
shown in Fig. 191.3. The FWHM increases for all the samples at 850 °C, however,
the extent of increase/decrease is not same. The increase in FWHM at 850 °C is
indicative of a decrease in crystallite size as shown in Fig. 191.4. A sharp change is
observed for ZA1 as compared to other samples. It was worth to correlate the
decrease in crystallite size with other studies such as TEM.

The crystallite size is decreased with the increase in doping. As evidenced by
TEM, the micrographs as a representative result for PZ and ZA3 have been shown
in Fig. 191.5a, b. TEM images indicate that the particle of the pure Zinc Oxide has
hexagonal structure and the particle size decreases with Aluminium doping as
shown in Fig. 191.5. These figures show a decrease in size accompanied with
agglomeration for ZA3 as compared to un-doped ZnO.

Fig. 191.3 The FWHM is
plotted for un-doped and
Al-doped samples for samples
sintered at 850 °C

191 Modulating Structural, Optical and Electrical … 1259



191.3.3 Photoluminescence Spectra

Figure 191.6 shows the PL spectrum of undoped and doped ZnO nanopowders
with excitation wavelength of 280 nm at room temperature. The Spectrum exhibits
three dominating emission peaks, first strong UV emission peak in the range of

Fig. 191.4 The crystallite
size is plotted as a function of
doping

Fig. 191.5 TEM
micrographs for un-doped PZ
(a) and ZA3 (b) samples as
representative results
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380–390 nm originating from the band to band transition [36, 37], other two peaks
lie in the visible region.

One low intensity peak around 425 nm and second broad peak (490–565 nm)
attributed to emission due to surface defects and intrinsic defect centres such as
Zinc vacancy, interstitial Zinc or oxygen vacancy present in the sample [38, 39].
Undoped ZnO is predominantly showing UV emission peak at 385.4 nm which
corresponds to direct band gap of 3.21 eV. Slight peak shift towards lower values
of wavelength has been observed for UV emission peak which has been shown in
inset of Fig. 191.8. This shift of UV emission peak has been attributed to change in
band gap after doping. It has been observed that the intensity of the second broad
peak in the visible range first increases till ZA3 and then decreases with Al doping.
Reason for this variation is the change in defects concentration with increase in Al+3

ions concentration in the sample. As Al doping concentration increases the defects
also increase which enhances the emission peak but with doping the size of the
nanocrystals were found to decrease as observed by TEM and XRD which causes
surface defects states to decrease in the sample [41]. Therefore two opposite effects
are happening simultaneously; one is the introduction of intrinsic defect centres due
to incorporation of Al+3 ions into ZnO structure causing increment in the defects
emission and second is decrease of surface defects state due to the decrease of
crystallite size with doping of Al+3 ions which results in decrement of emission
intensity al higher doping level.

191.3.4 Electrical Conductivity

The dc electrical conductivity of undoped and Al doped ZnO samples sintered at
850 °C were measured at room temperature. Electric field Versus Log10 (Current
Density) of all samples at room temperature are plotted in Fig. 191.7.

Fig. 191.6 The PL spectra of
un-doped and doped ZnO
samples
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The electrical conductivity is found to first increase and then decrease with
increase in Al doping concentration. The increase in conductivity is observed to be
maximum for ZA1 followed by a decrease thereafter. The variation in conductivity
is attributed to replacement of Zn+2 by Al+3 ions due to comparable ionic radii.
There are extensive reports on the observed solubility limits synthesized by various
routes and a variation in solubility limit has been observed. Up to the solubility
limit, the conductivity increases and thereafter it decreases. This effect has also been
observed in other systems [42]. The initial increase of Al increases the donor
concentration and could be expressed as [6]:

Al2O3 ! 2AloZn þ 2e0 þ 2Ox
o þ

1
2
O2� ð191:2Þ

After a critical dopant concentration (>1 mol% of Zn in the present investiga-
tion), the aluminium ions enter the structure and directly or indirectly substitutes the
interstitial site. The aluminium then acts as an acceptor by absorbing an electron
and causes a decrease in conductivity [12]. A decrease in conductivity could be
attributed due to presence of secondary phase at higher doping levels [43]. It would
be worth to evaluate a combined effect of sintering and doping on evolution of
structural and electrical properties of these nano powders.

Activation energy is the energy requires for charge carriers to jump over the
grain boundaries. Larger the grain boundaries difficult will be the movement of the
charge particles (electrons or holes) within the bulk material. Charge carriers can
attain sufficient thermal energy at high temperature to get activated and jump energy
barrier and hence contribute to conduction. So, conductivity in semiconductors
increases with increase in temperature. Same effect has been witnessed here as

Fig. 191.7 The room
temperature dc electrical
conductivity of un-doped and
Al-doped ZnO samples
sintered at 850 °C
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increase in conductivity with increase in temperature in all the samples. Activation
energy is governs by conduction process. There are few reports on the variation in
activation energy with doping however not appreciable amount of work has been
done on effect of temperature on activation energy [42–44]. Different conduction
process occurs in different temperature ranges which results variations in activation
energy. Conductivity is dominated by mobility of extrinsic defects at low tem-
peratures and at high temperature it is mainly due to thermally formed (intrinsic)
defects and the movement of oxygen vacancies. The variation of dc conductivity
with inverse of absolute temperature is shown in Fig. 191.8 for all samples.
Temperature range has been divided in two regions R1 and R2 where each region
has different slope and each slope corresponds to different activation energy. The
activation energies of all the samples were determined by the given equation.

r ¼ r0 exp � DE
kBT

� �
ð191:3Þ

where r is conductance at temperature T, r0 is the pre-exponential factor. kB is the
Boltzmann constant and DE is the activation energy. Table 191.1 shows the acti-
vation energies for all samples in two different temperature ranges. It is clear that
activation energy is a function of temperature as well as the doping. With doping
activation energy was found to increase. Reason for this increase in activation value
could be attributed to grain boundaries. From TEM and XRD it is clear that
crystallite size decreases with doping which results rising of grain boundaries. This
increment in grain boundary resistance to charge carriers results increase of acti-
vation energy. Table 191.1 shows high activation energy in high temperature range

Fig. 191.8 A graph of Ln(r)
Versus 1000/T (K−1)
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then in low temperature range in all samples. Variation in activation energy with
temperature is due to different conduction mechanisms in different temperature
ranges. Here the reason can be attributed to creation of defects or vacancies at high
temperatures.

191.4 Conclusion

The effect of aluminium doping has been carried out on ZnO samples synthesized
by a simple co-precipitation route. Up to ZA1, XRD shows no additional peak and
confirm wurtzite phase of ZnO, however, these studies show appearance of a
secondary phase at ZA3. A decrease in crystallite size with doping has been
observed. These studies show an increase in conductivity accompanied with an
un-agglomerated microstructure observed for ZA1. The prepared ZnO nanoparticles
exhibit sharp UV band corresponding to near band gap excitonic emission and
broad green emission band due to oxygen vacancies at room temperature. The UV
emission peak shows a slight left shift with doping which confirms the shift in band
gap with doping. ZA1 was found to have maximum dc conductivity attributed to
replacement of Zn+2 by Al+3 ions creating excess of electrons for conduction. From
I-V characteristics dc conductivity was found to increase with temperature which
shows the semiconducting behaviour for all samples. The calculated activation
energy comes out as a function of doping as well as temperature. The potential
barrier such as grain boundaries, doping concentration, defects, oxygen vacancies
etc. could be the main reasons which control the conduction mechanism. These
modulating optical and electrical properties with Al doping makes this material a
very promising material for optoelctronic applications.
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Chapter 192
Performance of 4H-SiC and Wz-GaN
Over InP IMPATT Devices at 1.0 THz
Frequency

P. R. Tripathy, M. Mukherjee and S. P. Pati

Abstract We have studied the performance of impact avalanche transit time
(IMPATT) devices based on wide band gap semiconductor materials like 4H-SiC
and Wz-GaN over low band gap InP at 1.0 tera-hertz (THz) frequencies.
A drift-diffusion model is used to design double drift region (DDR) IMPATTs
based on these materials. From the results, it is found that the RF power for 4H-SiC
gives 26 times more than InP and 4 times than Wz-GaN based IMPATT diode.
Similarly, the Wz-GaN has more noise of about 32.6 dB as compared to 4H-SiC
(29.5 dB) and InP (31.5 dB). Generation of significant RF power for 4H-SiC with
moderate noise is better as compared to the InP and Wz-GaN based devices. The
excellent results indicate that 4H-SiC based IMPATT diodes are the future terahertz
sources.

192.1 Introduction

In recent years, the development of sources for terahertz (THz) frequency regime
are being extensively explored worldwide, for applications in short-range terrestrial
and airborne communication, THz imaging, spectroscopy, bio-sensing, medical and
pharmaceutical applications [1]. It is also useful for broad band wireless commu-
nication systems. The terahertz (THz) frequency band lies between the
millimeter-wave and infrared region of the electromagnetic spectrum. Its frequency
range is 0.1–10 THz having corresponding wavelength range is 3.0–0.03 mm. To
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meet the rising demand of high-power, high frequency solid state sources, extensive
research are being carried out for development of high-power IMPATT devices in
millimeter wave to sub-millimeter and for terahertz regime [2]. To realize high
power, high frequency IMPATT sources, and one option is to develop IMPATT
devices based on wide band gap semiconductor materials like SiC and GaN having
high critical electric field, saturation velocity and high thermal conductivity. In this
paper we have studied the DC, Small signal and noise performance of InP, 4H-SiC
and Wz-GaN IMPATT Devices at 1.0 THz frequency.

192.2 Computer Simulation Methods

In this paper, a generalized, simple and more accurate computer simulation method
that involves simultaneous solution of the nonlinear Poisson’s and carrier continuity
equations at each point in the depletion layers, subject to appropriate boundary
conditions, as described elsewhere [3]. The DC modeling of the device has been
made realistic by considering the effects of inequality ionization rates, the effects of
mobile space charge and saturation drift velocities of charge carriers of the base
materials and also temperature dependence and their electric field. The small-signal
analysis of the IMPATT diode provides significant insight into the device physics
and determines the properties of the devices. Due to the impact ionization process it
causes the fluctuation in the output current of IMPATT diode so the avalanche
noise estimation of this device is being studied by the authors.

192.3 Results and Discussions

The DC, SS and avalanche noise properties of all the diodes are shown in
Table 192.1. From the table, it shows that the peak electric field for 4H-SiC is
found to be more of about 5.20 � 108 V/m as compared to InP (1.08 � 108 V/m)
and Wz-GaN (2.25 � 108 V/m). The breakdown voltage (VB) for 4H-SiC is higher
about 52.0 V as compared to other diode but the efficiency of Wz-GaN is higher
about 13.5% than InP and 4H-SiC based impatt diode is shown in Fig. 192.1. The
value of peak negative conductance (−G0) for the InP is higher of about 6.0 � 109

S/m2 than 4H-SiC (1.21 � 109 S/m2) and Wz-GaN (4.75 � 109 S/m2). RF power
for 4H-SiC is higher of about 1995 mW as compared to InP (75.5 mW) and
Wz-GaN (510 mW) because of due to high breakdown voltage. However Wz-GaN
is producing low noise as compared to other diodes (Fig. 192.2). The noise measure
for 4H-SiC is low of about 29.5 dB as compared to InP and Wz-GaN because of
due to low value of negative resistance (ZRP).
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192.4 Proposed Methodology of Device Fabrication

Since there are no available experimental results on these materials at 1.0 THz
frequency, no comparison could be made. A close agreement between our earlier
published simulation results and experimental observation are found as per the
power is concern and it is shown in Fig. 192.3 [4]. InP and Wz-GaN based
IMPATT diode can be obtained using metal organic chemical vapor phase depo-
sition (MOCVD) technique. During the growth, the substrate may be kept at growth
temperature of about 800–1000 °C. Using this process, thin layer of InP can be
grown (n-type substrate, 2 in.) is suggested. Undoped InP is to be incorporated to
arrest zinc diffusion from p-InP to n-InP. After the growth, the device fabrication

Table 192.1 DC, SS and noise properties of various diodes of at 1.0 THz frequency

Diode parameters InP Wz-GaN 4H-SiC

Peak electric field, Em (108 V/m) 1.08 2.25 5.20

Break down voltage, VB (V) 4.5 42.0 52.0

Efficiency (η), (%) 8.2 13.5 9.5

XA/W (%) 68.3 46.4 52.5

Peak operating frequency, fp (THz) 1.05 1.10 1.25

Negative conductance, −G0 (�109 S/m2) 6.0 4.75 1.21

Negative resistance at peak (−ZRP) (�10−9 X m2) 0.083 0.142 0.723

RF power, PRF (mW) 75.5 510.0 1995.0

Mean square noise voltage V2=df
� �

(�10−17 V2 s) 1.22 0.39 0.96

Noise measure (dB) 31.5 32.6 29.5
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follow the usual process like photo-lithography with appropriate photo mask, mesa
formation by reactive ion-etching and deposition of metal contacts. Ti/Pd/Au
combination is used as contact materials for p-electrode and similarly AuGe/Au for
n-electrode. For GaN pn junction, thin layers (usually not thicker than 5 lm) can be
grown on sapphire or SiC substrates. In order to make p-type, Mg impurity can be
introduced in the reaction chamber during the growth. Undoped GaN usually
exhibit n-type conductivity and the value can be controlled by introducing Si
impurity (in form of SiH4 gas) in the reaction chamber during the growth. The
starting wafer is the 4H-SiC can be procured from Cree, Inc., Durham, NC. The
n-type doping can be done by using nitrogen gas as the precursor realized at Cree.
An aluminum/titanium (Al/Ti) bilayer metal can be evaporated onto the sample and
may be used as the RIE mask that covers areas that will form mesa diodes. After
finishing the fabrication process, on-wafer dc testing is performed before the diode
are packaged.

192.5 Conclusion

It has been observed from the results that 4H-SiC based IMPATT diode would be a
suitable base material for high power with moderate noise.
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Chapter 193
Enhanced Sheet Carrier Density in ZnO
Based Heterostructure by Alloying
Cadmium in Buffer Layer ZnO

Md Arif Khan, Rohit Singh, Ritesh Bhardwaj, Abhinav Kranti
and Shaibal Mukherjee

Abstract This abstract reports very high (>1014 cm−2) sheet carrier density (ns) in
Zinc Oxide (ZnO) based heterostructure for low Magnesium (Mg) compositions
(<0.15) in barrier layer, achieved by alloying Cadmium (Cd) in buffer layer ZnO,
grown by Dual Ion Beam Sputtering (DIBS) deposition technique.

193.1 Introduction

Zinc oxide based MgZnO/ZnO heterostructure grown by molecular beam epitaxy
(MBE), rf-sputtering and DIBS demonstrated ns *1013 cm−2 [1] and *1013 to
*1014 cm−2 [2, 3] for higher Mg compositions (>0.2) in barrier layer that are prone
to phase separation, therefore lack good crystallinity. This abstract reports very high
ns at lower Mg compositions (<0.15) in barrier layer, by alloying Cd in buffer layer
ZnO, grown by DIBS.

193.2 Experimental Details

A 30 nm MgxZn1−xO: Ga 1 at. % (GMZO) (x = 0.05, 0.15, 0.20, 0.30) barrier layer
was grown over a 250 nm Cd0.15Zn0.85O buffer layer with n-Si (111) as substrate,
by DIBS. Rigaku Smart Lab syatem with Cu–Ka radiation (k = 1.54 Å) determined
x-ray diffraction (XRD) patterns. Four-probe Hall-effect measurement technique in
van der pauw configuration was used for ns determination.
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193.3 Results and Discussions

Figure 193.1a, show high (002) crystal orientation in separately grown GMZO and
Cd0.15Zn0.85O layers. Figure 193.1b shows, room-temperature ns, increasing from
2:4� 1014cm�2 to 2:8� 1014cm�2 at x = 0.05 and 0.3, respectively, as sponta-
neous polarization in barrier layer increases with higher Mg compositions [2].
Figure 193.1c shows a comparison of ns in DIBS grown GMZO/CdZnO with
GMZO/ZnO [3], rf-sputtering MgZnO/ZnO [2] and MBE MgZnO/ZnO [1]
heterostructures. Higher ns in sputtering than MBE is due to higher defect density
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Fig. 193.1 a XRD peaks of Cd0.15Zn0.85O and GMZO. b Sheet carrier density in GMZO/CdZnO
heterostructure as shown in inset, with varying Mg composition in barrier layer. c Comparison of
ns in different bilayer ZnO based heterostructures grown by DIBS, MBE and rf-sputtering
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[2]. Enhanced ns for GMZO/CdZnO is due to a lower spontaneous polarization and
higher lateral lattice constant a of CdZnO layer compared to ZnO, which enhances
spontaneous polarization and compressive strain in GMZO film becomes tensile,
hence preferably adding up to enhance ns [4].

193.4 Conclusion

High ns at lower Mg compositions in barrier layer by alloying Cd in buffer layer
ZnO is achieved by DIBS. These results suggest low cost ZnO alloys can be a
viable option for low cost heterostructure field effect transistors (HFETs).
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Chapter 194
Synthesis of Ag/TiO2 Nanocomposite
for Waste Water Treatment

Simranjit Singh and Monika Joshi

Abstract Herein, Ag/TiO2 nanocomposites were synthesized by simple chemical
method. The structural parameters of the obtained Ag/TiO2 nanocomposites were
investigated using Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray spectroscopy (EDX). The photocatalytic activity of Ag/TiO2 nanocomposite
was investigated by studying the degradation of Methyl orange dye as a function of
irradiation time under UV illuminator which is used as a model pollutant present in
water.

194.1 Introduction

In recent years, nanocomposites materials have gained a significant interest due to
their unique physical and chemical properties. Methyl orange (MeO), one of the
major pollutant is poured into water from various industries including textile,
cosmetic and food industries. However, release of its aromatic group and inter-
mediates in water can cause severe water pollution. Also, it has very low
biodegradability. TiO2 is one of the most explored semiconducting materials
because it’s excellent physical, optical and electrical properties and
bio-compatibility [1]. Additionally its high photo catalytic activity, low cost and
non-toxicity TiO2 is widely used as one of the most important photoactive reagents
for degradation of organic pollutants such as dyes [2, 3]. However, photocatalytic
activity of pure TiO2 is very low due to the fast recombination of photo-generated
electron hole pairs and inability to utilize visible light due to the large band gap [4].
Most of the charge pairs recombine resulting in low quantum efficiency and inef-
fective photocatalytic process. However, a small fraction of the electrons and holes
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move to the surface and either react by direct electron transfer with an adsorbed
compound or migrate into trapping sites prior to either surface reaction or recom-
bination. This can be minimized by doping a metal on a semiconductor which
functions as an electron sink and decreases recombination [5]. Metals such as Gold
(Au) and Silver(Ag) possess electron storage properties which in turn facilitate to
improve charge separation in semiconductor-metal composite systems. Compare
with other metals, silver ions become more explored for metal because silver dis-
plays the most efficient surface plasmon resonance in the visible region among all
metals by virtue of its favourable frequency dependence of the real and imaginary
parts of the dielectric function [6]. Herein, we present a simple chemical approach
for synthesizing Ag/TiO2 nanocomposite. The photocatalytic activity of Ag/TiO2

was studied by the photo-degradation of methyl orange (MeO) dye which is a form
of organic pollutant present in water bodies.

194.2 Methods

194.2.1 Synthesis of TiO2 Nanoparticles

Sol-gel method was used to synthesise TiO2 nanoparticles. Titanium Tetra iso-
propoxide (TTIP) (Merck) was used a precursor. The solution of 7.5 ml TTIP in
20 ml double distilled water was prepared with constant sonication for 20 min. The
pH of the solution was maintained around 9 by the addition of 2.5 ml ammonia
(Merck). The solution was kept for 24 h for the aging process. The white precip-
itation formed was centrifuged and dried in the oven at 100 °C. The dried powder
obtained was calcinated at 500 °C for 4 h.

194.2.2 Synthesis of Ag/TiO2 Nanocomposite

Initially, 0.01 M TiO2 was dispersed in 20 ml distilled water. 20 ml of 10 mM
AgNO3 (Merck) solution was added to the above mentioned solution with constant
stirring. Finally, 20 ml of 1 mM trisodium citrate (Merck) was used as a surfactant
for this reaction was simultaneously added during the reaction process. The pre-
cipitate formed was washed many times with ethanol and dried in microwave for
15 min. The grey coloured powder was calcinated at 300 °C for 2 h.
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194.2.3 Photocatalytic Activity

The photocatalytic activity of the as prepared catalysts was measured by the photo
degradation of methylene orange (MeO) dye solution under Ultraviolet light (20 W
lamp) at ambient temperature. Reaction suspension was prepared by adding 0.1 gm
of the catalyst in 50 ml of solution containing MeO dye with an initial solution of
30 mg L−1. Prior to irradiation with UV light, the reaction suspensions were
magnetic stirred in dark conditions for 30 min to attain adsorption–desorption
equilibrium conditions. The concentration of the dye sample after a fixed time
interval was assessed using a UV-Vis spectrophotometer (Agilent 8453) in the
range of 200–650 nm till complete decolorization was observed. The degradation
efficiency was expressed by the following equation:

Degradation efficiency %ð Þ ¼ Co � C/Co � 100

where, Co is the initial concentration of dye and C is the concentration of dye at
time t.

194.3 Results

The crystallinity and purity of the synthesized sample were determined using X-Ray
diffractometer (XRD) (Bruker D-2 Phaser) and analysis was done over the 2h range of
20–80°. Figure 194.1 shows XRD pattern of Ag doped TiO2 nanocomposite. It was
observed after 3 h of calcination at 300 °C. TheXRDplot reveals the formation ofAg/
TiO2 nanocomposite. Also, the planes [101], [004], [200], [105], [211], [204], [116],
[220], [215] match with the standard angle of TiO2 i.e. 25.25, 37.65, 47.95, 53.9,
54.95, 62.56, 68.64, 70.1, 74.9 confirming the presence of anatase phase.

Themorphology and size of the synthesized nanocomposites was investigated using
scanning electron microscopy (Zeiss) Fig. 194.2 with a beam acceleration voltage of

Fig. 194.1 XRD of Ag/TiO2

nanocomposite
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10 kV. As shown in the Fig. 194.2a Ag nanoparticles are distributed on TiO2

nanoparticles surface in the form of clusters. To obtain detailed information about Ag
distribution in Ag/TiO2 nanocomposites Energy Dispersive X-Ray Spectroscopy
(EDXS) mapping was carried out. The EDX results in Fig. 194.2b gave the signals of
Ti, Ag and O elements, which confirms the successful formation of Ag/TiO2

nanocomposite.
The optical properties of the nanocomposite was investigated using UV-Visible

spectrophotometer in the range of 200–800 nm. Figure 194.3a shows the UV
absorption spectrum spectra of TiO2 and Ag/TiO2 nanocomposite at room tem-
perature. A hump peak at 372 nm was observed.

This corresponds to the excitation band of TiO2 nanoparticles. Also, no other
peaks were obtained which indicates the absence of any impurities in the sample.

The Photoluminescence spectra of pure TiO2 and Ag doped TiO2 were shown in
Fig. 194.3b. The analysis is used to verify the possible effect of doping of silver
nanoparticles on TiO2. After Ag doping the absorption intensity of the sample
decreases, indicates that Ag doping cause some changes in the electronic structure
of TiO2 nanoparticles.

The photo-catalytic activity of Ag/TiO2 nanocomposite was studied by the
photo-degradation ofmethylene orange (MeO) placed under UV illuminator for a fixed
interval of time. For photocatalytic experiment a solution of Ag/TiO2 nanocomposite
with 10 mM solution of organic dye (Methylene Orange MeO) was prepared.
Figure 194.4 shows a series of UV-Vis absorption spectra of TiO2 nanoparticles and
Fig. 194.5 shows that of Ag/TiO2 nanocomposite. The curve clearly indicates that on
increasing the exposure time of UV irradiation the absorption peak intensity decreases
indicating the photo—decomposition of the organic dye (MeO) used. The photo-
catalytic activity of pure TiO2 has been enhanced by grafting of Ag nanoparticles.

The decolourization rate of dye was calculated using Pseudo first order equation,
which states

Fig. 194.2 a SEM image of Ag doped TiO2 nanoparticles; b EDXS Mapping of Ag doped TiO2

composite
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Fig. 194.3 a UV-visible
spectra of TiO2 nanoparticles;
b PL spectra of TiO2 and Ag
doped TiO2 nanoparticles

Fig. 194.4 Photocatalytic
activity of TiO2 nanoparticles
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- ln C=Coð Þ ¼ kt

where
Co is the initial concentration of methyl orange dye and C is the concentration

after the time t. k is known as the decolouration rate of methyl orange dye.

194.3.1 Photocatalytic Mechanism

The photocatalytic activity mainly involves the absorption of light, generation and
transport of electron-hole pair. Figure 194.6 shows the possible photocatalytic

Fig. 194.5 Photocatalytic
activity of Ag/TiO2

nanocomposite

Fig. 194.6 Schematic of proposed photocatalytic mechanism of Ag/TiO2 nanocomposite
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mechanism of Methylene orange dye (MeO) under UV light by Ag/TiO2

nanocomposite. Under the exposure of UV light, the valence electron of the TiO2

nanoparticles has been excited to conduction band. The Ag nanoparticles act as an
electron arbitrator to the excited electron and hinder the electron hole pair recom-
bination. These excited electrons get trapped by surrounding O2 to produce super
oxide radicals (•O2

−). Further, the created hole in the valence band reacts with water
and produces reactive hydroxyl radical (OH•). These produced super oxide radicals
(•O2

−) and hydroxyl radicals (•OH) are responsible for the degradation of MeO dye.

194.4 Conclusion

In conclusion, we have synthesized Ag/TiO2 nanocomposite using chemical route
and its photocatalytic activity has been investigated by the degradation of MeO dye
under UV light. XRD and SEM results confirms the successful preparation of Ag/
TiO2 nanocomposite. The TiO2 nanoparticles were in the form of grains with an
average particle size of 40 nm. EDXS mapping clearly reveals the presence of TiO2

and Ag in the sample. The Ag doped TiO2 shows higher photocatalytic activity
compare to TiO2 nanoparticles for the degradation of methyl orange. The enhanced
photocatalytic activity was believed due to the surface plasma resonance of Ag
nanoparticles. Thus waste water treatment was done by degradation of methyl
orange organic dye which is one of the major pollutant present in water bodies.
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Chapter 195
Enhancement of Solar-to-Hydrogen
Conversion Efficiency Achieved
for Silicon Doped ZnO Nanorods

Akash Sharma and R. Thangavel

Abstract In the present work, Silicon (Si)-doped Zinc Oxide nanorods (ZnO NRs)
were hydrothermally grown on ITO substrates. X-ray diffraction pattern revealed
the formation of c-axis oriented hexagonal wurtzite structure nanorods. From the
UV-Visible spectra a reduction in optical band gap from 3.25 to 3.21 eV was
observed with the incorporation of Si in ZnO host lattice. The Si-doped ZnO NRs
sample shows an enhanced photocurrent density of 2.1 mA/cm2 at 0.9 V (vs. Ag/
AgCl), as compared to bare ZnO NRs (0.95 mA/cm2) in 0.1 M NaOH aqueous
solutions. The results presented an enhanced solar-to-hydrogen conversion effi-
ciency of 121% by using silicon as a dopant. With introduction of Si4+ ion into ZnO
host more number of carriers are generated which may be accounted for this
enhancement. The results henceforth recommends the suitability of Si-doped ZnO
NRs as an efficient active photo electrode material in liquid junction photoelec-
trochemical applications.

195.1 Introduction

Generation of clean energy has been pervasively considered upon by several
researchers worldwide to tackle one of the biggest challenges for mankind i.e.,
energy [1]. Hydrogen has always been considered as a fuel of future owing to its
environmental friendly nature [2]. Photoelectrochemical (PEC) water splitting has
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been considered as one of the efficient method to generate hydrogen without further
leaving any impact of pollution on nature [3]. More specifically metal oxide
semiconductors like TiO2, ZnO, Fe2O3, Cu2O etc. have been always preferred for
their suitability in generating hydrogen under solar water splitting applications [2].
But ZnO has attracted considerable attention of scientific community owing to its
eco-friendly, inexpensive nature along with n-type conductivity, excellent electron
mobility and large exciton binding energy (*60 meV) [4]. Besides these beneficial
properties it has consistently shown limited performance because of its limitation in
use of solar spectrum. Since ultraviolet region is mere 4% of the solar spectrum as
compared with the visible light (43%), the wide band gap nature (*3.37 eV) of
ZnO restricts the performance [5]. The structural, optical and electrical properties of
ZnO host lattice can be modified by doping different elements. The doping with
various metal ions in ZnO shows relatively high importance due to their low
resistivity, high transmittance and chemical stability [4]. Si has been a notable
dopant and occupies the cation site in III-V semiconductors for enhancement of
both optical and electrical properties [6, 7]. Not only this could help in enhancing
the physical properties but also it will prove its usefulness in Si-related devices.
These doped ZnO films can also be used efficiently as an active electrode for PEC
water splitting applications. Several synthesis methods are being reported for
preparation of ZnO films for low cost, easily reproducible and large area uniformity.
Our present work is an attempt to investigate with the solar-to-hydrogen conversion
efficiency (SHE) [8] of Si doped ZnO nanorods (NRs) from a facile hydrothermal
method.

195.2 Experimental Details

A simple, low cost facile hydrothermal technique was adopted for synthesizing
undoped and 10% Si-doped ZnO NRs(10Si_ZnO) as reported elsewhere [9].
Tetraethoxysilane was used in the growth solution for Si-doped ZnO NRs. The
crystallinity of all samples were confirmed via a PANalytical X-ray diffractometer
(XRD). The surface morphology were observed by a ZEISS Supra 55 Field
Emission Scanning Electron Microscope (FESEM). The optical band gap of indi-
vidual samples were enunciated by Tauc’s plot from the absorption spectra using an
Agilent Cary 5000 UV-Vis-NIR double beam spectrophotometer. A three electrode
cell configuration was used for photoelectrochemical measurement of the photo-
electrodes under light illumination. For this purpose a Pt wire, an Ag/AgCl (satu-
rated with KCl) and grown thin films were used as counter, reference and working
electrodes, respectively. An aqueous solution of 0.1 M NaOH served the purpose of
an electrolyte. The electrode potential was varied from −0.5 to 1 V using a
potentiostat (Princeton EG & G Applied Research). The illumination conditions
similar to sunlight were created artificially in lab scale by means of an Oriel AM
1.5G filtered Xenon arc lamp with intensity set to 100 mW/cm2.
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195.3 Results and Discussion

Figure 195.1 shows the XRD patterns of ZnO and 10Si_ZnO samples. A strongest
peak at 34.4° corresponding to (002) plane of hexagonal wurtzite crystal structure
of ZnO (JCPDS 36-1451) can be clearly observed for all samples [9]. The absence
of impurity peaks in the XRD pattern has indicated the formation of pure phase of
ZnO as well as successful substitution or interstitial incorporation of Si atoms in Zn
atomic sites without altering the hexagonal lattice. Due to the substitution of lower
ionic radius Si4+ in place of Zn2+ in ZnO host lattice, the crystal plane spacing
shrinks resulting in the shifting of (002) peak towards higher angle [4]. The crys-
tallite size was calculated using Debye-Scherrer equation from the (002) peak.
Doping Si in ZnO nanorods arrays causes a decrease in the crystallite size from
92.99 to 85.53 nm.

Figures 195.2 and 195.3 represents the morphology of the NRs as observed by
field emission scanning electron microscopy (FESEM) respectively. The hexagonal
shape of the ZnO nanorods can be clearly observed form the FESEM images.
Further it can be clearly observed the addition of Si into the ZnO matrix has affected
the smooth growth of nanorods arrays. The average diameter of nanorods increases
from 169.07 to 242.34 nm with addition of Si.

Figure 195.4 represents the UV-Vis absorption spectra of undoped and Si doped
ZnO NRs. From the figure, it can be clearly observed that for undoped ZnO sample
the absorption edge lies at 380 nm, whereas for doped sample the band edge shifted
towards higher wavelength. In the absorbance plot it can be clearly observed that
with the insertion of Si into ZnO host matrix the absorbance within the visible range
has increased. The Stern equation [10] has been employed for calculating band gap
from absorption spectra as shown in inset of Fig. 195.4. The band gaps has been
calculated for undoped and 10 Si_ ZnO NRs as 3.25 and 3.21 eV by extrapolating
the linear portion of them ðahtÞ2 versus ðhtÞ plot. With the increase in addition of
tetravalent impurity a new ion (Si4+) energy level has been formed within the
valence band and conduction band, which is responsible for this decrement [4].

Fig. 195.1 X-ray diffraction
patterns of ZnO and 10
Si_ZnO NRs
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Photoinduced I-V curves under chopped illumination were recorded in order to
analyse the photoelectrochemical performances of various samples. Figure 195.5
represents that higher photocurrent density was observed for 10Si_ZnO NRs
sample in the whole potential window as compared with the undoped ZnO NRs.
Under chopped illumination the photocurrent densities of the pristine ZnO and

Fig. 195.2 FESEM image of ZnO NRs

Fig. 195.3 FESEM image of 10Si_ZnO NRs
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10Si_ZnO are 0.95 and 2.1 mA/cm2 at 0.9 V versus Ag/AgCl. These results clearly
indicate an enhancement of 121% in photocurrent density with addition of Si upon
illumination. With increase in potential the I-V curve shows a remarkable increase
in photocurrent density values for the Si-doped sample.

Since the photogenerated holes reaching the electrode surface participate in the
water oxidation reaction, the solar-to-hydrogen conversion efficiencies for PEC
water splitting of these photoanodes have been estimated in a similar way as

Fig. 195.4 Absorption spectra of ZnO and 10Si_ZnO; inset shows Tauc’s plot for all samples

Fig. 195.5 Photocurrent density versus applied potential (V vs. Ag/AgCl) from undoped and 10%
Si-doped ZnO NRs measured under chopped illumination (100 mW/cm2)
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reported elsewhere [8]. In Fig. 195.6, the STH efficiencies of the Si-doped sample
infer an optimal photoconversion efficiency of nearly 0.99% approximately at a
potential of 0.44 V.

195.4 Conclusion

In summary, all the samples has been synthesized via facile hydrothermal method
and have been further investigated for photoelectrochemical performance. Form the
XRD results the formation of undoped and doped ZnO NRs with hexagonal
wurtzite phase has been confirmed. The absorbance spectrum represents the
decrease in band gap value with Si doping, which need to be further optimised.
Further, from FESEM images it has been clearly observed that the hexagonal
nanorods are grown perpendicular to the substrate. The electrochemical results
obtained for 10% Si-doped sample strongly recommends its suitability as pho-
toanode in photo-electrochemical cell due to its enhanced efficiency in presence of
light.
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Fig. 195.6 Solar-to-hydrogen conversion efficiency as a function of applied potential for all the
NRs samples
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Chapter 196
Surface Plasmon Resonance
Enhanced UV Emission
of Hydrothermally Grown ZnO
Nanorods by Reduced Graphene Oxide

Khyati Gautam, Inderpreet Singh, Chhavi Bhatnagar,
P. K. Bhatnagar and Koteswara Rao Peta

Abstract The effect of reduced graphene oxide (rGO) on band edge UV emission
of ZnO nanorods has been studied in the present work. For this purpose ZnO
nanorods were grown by hydrothermal method on ITO substrate and a layer of rGO
was spin coated over the as-grown nanorods. SEM and XRD measurements confirm
the growth of vertically aligned ZnO nanorods over the substrate. Room temper-
ature photoluminescence (RTPL) spectrum exhibit an enhanced UV emission of
ZnO nanorods after incorporation of rGO. The improvement is ascribed to the
surface plasmon resonance (SPR) effect at the ZnO/rGO interface. The plasmonic
resonance leads to an enhanced absorption, which in turn results in the increased
UV emission of the as grown nanorods.

196.1 Introduction

One dimensional ZnO nanorods are potential candidates for UV LEDs and laser
applications due to their unique properties such as wide band gap (3.37 eV) and
high exciton binding energy (60 meV) [1, 2]. The band edge (UV) emission of ZnO
nanorods therefore becomes an important parameter for research consideration. The
native defects of ZnO nanorods are responsible for the broad visible PL emission
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observed along with UV emission [3]. A lot of work has been done on enhancing
the UV emission of ZnO nanorods by exploiting SPR effect of different metal
nanoparticles such as Ag, Al, Au, Pt by different research groups [4–6]. Very
recently graphene and reduced graphene oxide were found to exhibit the surface
plasmon resonance effect similar to that of induced by metal nanoparticles [7, 8].
Reduced graphene oxide (rGO) has been reported to give absorption in UV region
which is associated with presence of isolated sp2 clusters within the carbon–oxygen
sp3 matrix as shown in Fig. 196.1 [9]. This further leads to the localization of e–h
pairs, facilitating radiative recombination of small clusters. This indicated the
possibility of application of graphene and rGO in improving the PL emission of
ZnO nanorods.

Hwang et al. [7] showed that graphene plasmons can effectively increase the
radiative recombination in ZnO. While a similar study was done on rGO/ZnO
interface by Kim et al. [10] where both band edge (UV) and defect emission
(visible) of ZnO were reported to be enhanced. The present work studies the effect
of rGO on optical properties of ZnO nanorods. It was observed that only desired
UV emission of ZnO nanorods is improved over visible emission. The possible
reasons for the advancement are further explained.

196.2 Experimental Details

All the chemicals used for the experiment, namely zinc acetate dihydrate, zinc
nitrate hexahydrate, and hexamethylenetetramine were procured commercially.
Reduced graphene oxide powder was purchased from Sigma Aldrich, USA. ZnO
nanorods were grown by hydrothermal method on ITO substrates by two step
process. In the first step, ZnO seeds were grown on two ITO substrates by thermal
decomposition of zinc acetate dihydrate at 350 °C [11]. Secondly, an equimolar
solution of zinc nitrate hexahydrate and hexamethylenetetramine in DI water was
obtained after ultrasonication for the growth of nanorods. The seed layer coated

Fig. 196.1 Schematic illustration of discontinuous sp2 clusters in rGO structure
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substrates were placed in this precursor solution for 5 h at 90 °C. The samples were
then washed by DI water and dried for further use. Finally, a solution of rGO in
ethanol was spin coated over one of the samples and therefore, two samples, i.e.
Sample A (without rGO) and sample B (with rGO) were obtained in this manner.
The samples were later structurally characterized by scanning electron microscopy
(SEM) (Carl Zeiss Evo18 Special Edition) and XRD (Bruker D8 X-ray
Diffractometer with CuKa source (k * 1.5406 Å)). The optical properties were
investigated with room temperature photoluminescence (RTPL) spectroscopy
(Shimadzu spectrofluorophotometer (model RF 5301-PC)) and UV-Vis absorption
spectroscopy (Shimadzu UV-Vis spectrophotometer (model 2450)).

196.3 Results and Discussion

The SEM micrographs for the two samples are shown in Fig. 196.2. The SEM
image for sample A (Fig. 196.2a) exhibits the growth of dense and vertically
aligned ZnO nanorods on ITO substrate. However in sample B, a layer of rGO
coated over ZnO NRs can be clearly seen (Fig. 196.2b).

Figure 196.3 exhibits the XRD spectra for the two samples where all the
diffraction peaks were indexed to the hex-agonal wurtzite structure of ZnO (JCPDS
Card No. 01-070-2551). An additional peak corresponding to rGO is observed at
24.2° in sample B. The intense peak along (002) direction confirmed the prefer-
ential growth of the as-grown ZnO nanorods along c-axis.

Fig. 196.2 SEM image (top-view) of a sample A (ZnO nanorods without rGO) b sample B (ZnO
nanorods coated with a layer of rGO)
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The RTPL emission spectra for the two samples are shown in Fig. 196.4. UV
emission at 380 nm corresponding to the band edge transition along with a broad
visible emission from 400 to 550 nm due to defects is observed for both the
samples. The PL spectrum for sample B (with rGO) shows an enhanced UV
emission as compared to sample A (without rGO) while the visible emission (defect
emission) is found to be slightly suppressed.

It can also be noted that the ratio of intensities of UV and visible emissions, i.e.
Iuv/Ivis has been significantly increased from 0.7 to 1 for sample A and B respec-
tively indicative of the improved band edge (UV) emission over defect (visible)
emission. On the other hand, the defect emission at 440 nm is observed to be
decreased in sample B which is suggestive of the possibility of interfacial charge
transfer from ZnO to rGO upon rGO incorporation [12]. However, to probe the
reason for the evident enhancement in UV emission, UV-Vis absorption spec-
troscopy was performed. The absorption spectrum for rGO is shown in Fig. 196.5
which exhibits the distinct absorption in the UV region due to the surface plasmons
of rGO [9, 13].

Figure 196.6 represents the absorption spectra for sample A and B. A higher
absorption in UV region is observed for sample B as compared to sample A.

This increased absorption is ascribed to the induction of localized surface
plasmon (LSP) at the rGO and ZnO NRs interface by the plasmon band of rGO.
The coupling between UV absorption of ZnO NRs and the plasmon band of rGO

Fig. 196.3 XRD spectra of
sample A and B
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from discontinuous sp2 clusters is basically the driving force for the generation of
LSP resonance [9]. The surface corrugation of the as-grown ZnO NRs is suggested
as the possible reason for this coupling. The LSP resonance at the interface of rGO/
ZnO hybrid structure results in the enhanced UV absorption of ZnO which finally
leads to enhanced UV emission [14]. Therefore, the increased UV emission along

Fig. 196.4 RTPL spectra of
a Sample A and b sample B
with 340 nm as excitation
wavelength

Fig. 196.5 Absorption
spectra of rGO exhibiting a
peak at 272 nm
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with suppressed visible emission resulted in significant improvement of Iuv/Ivis ratio
from 0.7 to 1 in the PL emission spectrum of ZnO nanorods upon rGO
incorporation.

196.4 Conclusion

It can be concluded that incorporation of rGO significantly varies the optical
properties of ZnO. The considerable enhancement in the Iuv/Ivis ratio for ZnO
nanorods is ascribed to the localized surface plasmon resonance prevalent at rGO/
ZnO NRs interface. The increased absorption of ZnO NRs contributed to an
increased UV PL emission while the interfacial charge transfer reduced the defect
emission at 440 nm. The enhanced band edge emission (UV) in ZnO NRs holds
potential for prospective application in LEDs and lasers.
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